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FOREWORI 


The  engineering  fields  in  which  we  often  must  deal  with  the 
combined  motion  of  a  gas  and  a  liquid  are  very  extensive,  and  their 
number  continues  to  increase.  Numerous  operations  in  power-engine¬ 
ering,  chemical,  metallurgic,  and  other  equipment  give  rise  to  gas- 
liquid  mixtures,  or  are  based  on  their  utilization.  Related  to  this 
type  of  process  are:  motion  of  vapor-liquid  mixtures  in  the  tubes 
of  steam  boilers  and  in  various  heat  exchange  equipment;  motion  of 
gas-liquid  mixtures  in  gas  lifts  (air  lifts);  atomization  of  a 
liquid  by  spray  nozzles;  operation  of  various  types  of  bubblers, 
wetted-wall  towers,  and  other  equipment  directly  contacting  gaBes  and 
liquids;  breakup  and  entrainment  of  a  liquid  by  a  stream  of  gas,  etc. 

All  these  and  other  problems  of  the  hydraulics  of  two  phase  flow 
have  received  comparatively  extensive  treatment  only  during  the  last 
15  to  20  years,  when  the  urgent  need  arose  in  engineering  (above  all 
in  thermal-power  engineering,  and  the  petroleum  and  chemical  in¬ 
dustries)  for  a  rapid  and  sufficiently  accurate  solution  of  the  compu 
tatlonal  problems  of  the  above-mentioned  and  other  processes,  and  af¬ 
ter  the  basic  methods  of  their  investigation  had  been  developed. 

The  material  now  accumulated  in  this  field  is  so  large  that  we 
may  speak  of  a  new  broad  field  of  hydrodynamics:  the  hydraulics  of 
two-phase  flow.  To  a  considerable  or  more  accurately,  a  major  de¬ 
gree,  this  field  of  hydrodynamics  originated  and  develops  through 
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the  efforts  of  Soviet  scientists  and  engineers. 

'  During  the  last  25  years,  the  authors  participated  in  the  formu¬ 
lation  and  development  of  the  problem  under  consideration-  The 
present  book  is,  to  a  certain  extent,  an  account  of  that  approach  to 
the  investigation  and  the  calculation  of  flows  of  gas-liquid  systems, 
which  they  developed  in  their  own  works  as  well  as  in  the  works  of 
their  collaborators,  mainly  at  the  Tsentral'nyy  Kotloturbinnyy 
Institut  lm.  I.  I.  Folzunov  (l.  I.  Polzunov  Central  Turbine  and 
Boiler  Institute),  at  the  Energeticheskiy  Institut  Im.  0.  M.  Krzhiz- 
hanovskiy  AN  SSSR  (0.  H.  Krzhizhanovskiy  Power  £i.gineering  Institute 
of  the  USSR  Academy  of  Sciences),  and  at  the  Moskovskiy  Energetiches¬ 
kiy  Institut  (Moscow  Power  Engineering  Institute). 

At  the  same  time,  the  authors  used  the  material  of  other  re¬ 
search  workers  studying  the  field  in  question  (D.  P.  Peterson,  A.  A. 
Armand,  V.  0.  Levlch,  S.  0.  Teletov,  0.  M.  Baldina,  K.  F.  Poddatis, 

B.  D.  Katsnel'son,  L.  A.  Vitman,  and  others).  In  addition  to  purely 
hydraulic  problems,  the  book  also  deals  with  several  heat- transfer 
problems  closely  associated  with  the  peculiarities  of  motion  in  two- 

phase  flows. 

In  this  attempt  to  write  the  first  monograph  on  the  hydraulics 
of  gas-liquid  systems,  the  authors  did  not  cover  as  fully  as  possible 
all  the  specific  solutions  available  at  the  present  tim.  -me  basic 
aim  of  the  book  is  to  formulate  the  problem  as  a  whole  on  the  basis 
of  a  certain  general  method  of  investigation  of  this  kind  of  process 
and  an  examination  of  a  series  of  problems  sufficiently  general  in 

character. 

The  specific  problem  of  motion  of  a  gas  and  a  liquid  in  porous 
bodies,  developed  in  the  works  of  L.  S.  Ieybenson  and  others,  is  not 

I 
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considered  here. 

'  The  bibliography  at  the  end  of  this  book  lists  reference  sources 
pertaining  to  the  topics  touched  upon  here,  as  well  as  to  the  con¬ 
tiguous  problems  we  have  not  considered. 

V.  N.  Moskvicheva,  candidate  of  technical  sciences,  to  whom  the 
authors  express  th*ir  gratitude,  participated  in  the  preparation  of 
the  manuscript  for  publication. 

The  authors  are  also  grateful  to  the  reviewer  of  the  manuscript, 
V.  0.  Levlch,  and  the  editor,  L.  A.  Vltman. 

The  authors  will  be  Indebted  to  those  readers  who  find  it 
possible  to  send  to  the  Editors  (Leningrad,  Marsovo  Pole  1,  I/O 
Oosenergolzdata)  their  advice,  comments,  and  wishes  wlL h  aspect  to 
this  book. 

The  Authors 
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FUNDAMENTAL  notations 


![■] 

I  [m 

<4* 

l  [■*] 
Y  P] 

'H 

t  [icg-forc*/Tr2} 
»  [kg-force/m2] 
p  fkg-force/n2  ] 

t,  T  [°0,  °k] 
w  [m/see] 

*Q  [®/8«C] 

Ho  KH 

Hm-Ho  +  ^O 

Ho  “  *6  +  ”?r  -o 


v* 


0  [kg/sec] 
g,  [koal/m2  degree  •  hr] 
g  [kcal/hr] 

#  [kg  •  sec2/m^] 
y  [kg/m3] 


linear  dimension 
thickness 

cross-sectional  area  of  flow 
surface  area  wetted  by  the  flow 
volume 
time 

tangential  stress 
normal  stress 
pressure 
temperature 
velocity 

reference  velocity  of  heavy  phase 
reference  velocity  of  light  phase 
"velocity  of  mixture" 

flow  velocity  of  two-phase  stream  ("velocity 

of  circulation") 

"velocity  of  tangential  stress" 

mass  flow  rate 
heat-flux  density 
heat  flux 
density  of  medium 

density  of  medium  (length-time-force. system) 
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#  [leg -force  •  aec/m^] 

*  «  —  [m"/Bec] 

g  [m/®«c2] 

•  [kg-force  •  m] 
X  [koal/m  .degree  •  hr] 

o  [kcal/kg  •  degree] 

5  -  cV"  [“2/®*c] 

t  [keal/kg] 
r  [keal/kg] 

t 


fi  * 


♦  -  - 

«" 
So 


il  +  w, 


IT 

=0 


L  [kg-force  •  ra] 

5*  l*  l 
Rj  D  -  2R 


dynamic  viacoaity 
kinematic  viacoaity 
gravitation  acceleration 
aurface  tension 
heat  conductivity 
specific  heat 

thermal  diffusivity 

heat  content  (enthalpy) 
latent  heat  of  change  of  phase 
drag  coefficient 

fraction  of  stream  cross  sector  neevp-ed 
by  the  light  phase 
relative  density  of  mixture 

volumetric  flow  fraction  of  gas  in  the 
mixture 
work 

coordinates 
radius  and  diameter 
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PRIMES  AMD  SUBSCRIPTS 


'  heavy  phase 

"  light  phasa 

w  vail 

t  turbulent 

f  friction 

r  relative 

0  scale  quantity 


1  .  layer 

or  critical 

»q  equivalent 

m  mixture 

me  acceleration 

b  boundary 

n  external  normal 
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INTRODUCTION 

Both  in  nature  and  engineering,  in  addition  to  flows  of  homogen¬ 
eous  liquids, there  also  exist  two-phase  flows— namely,  flows  of  a  gat 
or  a  liquid  carrying  suspended  solid  particles,  flows  of  a  mixture 
of  a  gas  and  a  liquid,  or  flows  of  two  mutually  insoluble  liquids* 

Plows  of  the  first  type  are  usually  called  flows  of  suspensions; 
the  transportation  of  solids  by  a  gas  or  a  liquid  is  called  pneumatic 
transport.  Plows  of  the  second  kind  arc  simply  called  two-phase  flows. 
The  basic  difference  between  mechanisms  of  motion  of  these  two  kinds 
of  two-phaso  systems  is  that  the  solid  particles  conserve  their  shape 
and  mass  in  pneumatic  transport  (the  process  of  pulverization  is  an 
exception)  while  the  discrete  elements  cf  the  flow  of  a  gas-liquid 
mixture  (bubbles,  drops,  and  films)  generally  change  their  shape  in 
motion,  and  often  also  their  mass,  as  a  result  of  the  coalescence  or 

breakup  of  separate  bubbles  and  drops. 

The  hydraulics  of  gas-liquid  systems  is  a  branch  of  the  mechanics 
of  liquids  and  gases  in  which  the  combined  flow  of  these  media  is  ex¬ 
amined.  The  flows  studied  by  the  hydraulics  of  gas-liquid  systems 
always  have  not  only  definite  external  bounding  surfaces  (channel 
walls,  surfaces  of  bodies  washed  by  the  flow),  but  also  internal 
interfaces  between  the  flowing  media,  generally  variable  in  space 
and  time. 

Interactions  of  forces  and,  in  noniso thermal  flow,  thermal  in¬ 
teractions  as  well  arise  at  interfaces.  These  interactions  funda¬ 
mentally  affect  the  changes  in  the  fields  of  flow  velocities,  pressures, 
temperatures,  theznal  and  diffusion  fluxes  transferring  from  one  point 

I  .  “* 
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of  .pace  to  another  point  aeparated  from  the  flrat  by  an  interface, 
in  many  caeee,  eudden  changed  In  the  velocity  -ector  and  the  preesure 
develop  at  the  phase  boundary. 

A  specific  feature  of  gas-liquid  mixtures  is  also  that  even  when 
they  are  composed  of  incompressible  components  they  behave  as  a  whole; 
in  many  respects,  l.'ke  compressible  liquids.  The  latter  phenomenon 
is  exhibited  in  those  instances  where  the  phase  velocities, and,  cor¬ 
respondingly,  also  -he  density  of  the  mixture,  change  in  the  direction 

of  flow 

The  type,  of  combined  gae-llquld  motion  are  widely  different  and 
include  all  poealble  condltlono-from  the  motion  of  two  continuous 
parallel  flows  Interacting  only  along  one  continuous  inte-f"”  M 
the  motion  of  a  stream  of  foam  in  which  both  phase,  for.  a  complex, 
fine,  and  unstable  structure. 

Thus,  the  types  of  motion  in  two-phase  flows  are  considerably 
«re  diversified  and  their  law.  substantially  more  complicated  than 
the  types  of  motion  and  laws  of  hydrodynamics  in  homogeneous  media. 

in  connection  with  this,  the  method,  of  a  generalized  analysis 
of  experimental  data  have  even  greater  significance  in  this  case  than 
in  the  hydraulics  of  homogeneous  flow.  In  the  investigation  of  the 
motion  of  a  single  bubble  (drop),  or  of  flow,  of  a  gaa  ana  a  liquid 
with  a  single  continuous  interface  (films,  open-channel  flow,  etc.), 

.  fundamental  system  of  equations  can  be  formulated  with  all  neces- 

sary  rigor . 

However,  in  the  most  complex  motion,  when  the  flow  components 
are  broken  up  into  separate  elements  and  there  or.  a  series  of  region, 
confined  by  boundaries,  definite  difficulties  arise  in  the  formulation 
of  the  fundamental  equations,  since  in  such  cases  the  probability 
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laws  governing  multielejnent  systems  begin  to  apply.  There  are  at 
present  no  coherent  analytical  methods  for  such  systems.  Here, 
experiment  and  the  method  of  similitude  have  a  decisive  importance. 

In  this  case,  however,  it  is  necessary  to  have  a  general  method 
of  derivation  and  analysis  of  the  dimensionless  parameters  of  the 
process.  Such  a  general  method,  to  which  the  authors  adhere,  amounts 
to  the  assumption  that,  as  a  whole,  all  the  Interactions  taking  place 
m  any  two-phase  flow,  however  complex,  are  described  for  each  of  its 
separate  zones  by  the  same  fundamental  equations  as  for  a  system 
having  a  single  interface.  As  a  result,  the  criteria  of  similitude 
can  be  derived  from  these  equations  for  the  complex  system  as  a 
whole;  in  additlor  ,  it  is  necessary  to  introduce  the  equauxona  or 
parameters  determining  the  sizes  of  the  produced  discrete  elements, 
and  determining  the  probability  of  their  dispersion  in  space. 


X 
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CHAPTER  ONE 


FUNDAMENTAL  PARAMETERS  AND  EQUATIONS 

1-1.  Conditions  Uniquely  Defining  a  Hydrodynamic  Process 
~  in  an  isotnermaF uas -Liquid  system 

A  physical  process  may  be  considered  as  uniquely  defined  when 
the  following  characteristics  of  the  phenomenon  are  lenown: 

(1)  geometrical  properties  of  the  system  In  which  the  examined 

process  takes  place; 

(2)  physical  constants,  essential  to  the  process,  of  the  bodies 
forming  the  system; 

(3)  Initial- state  of  the  system; 

(4)  conditions  at  the  boundary  surfaces  (external  boundaries)  of 
the  system  during  the  process. 

fhj  geometrical  configuration  of  the  space  In  which  the  gas- 
llquld  system  moves,  as  well  as  the  initial  state  of  *he  system 
(phase  distribution,  character  of  Its  motion,  etc.)  and  the  conditions 
at  the  boundary  surfaces,  can  vary  greatly  in  different  technological 
applications. 

Given  the  whole  set  of  conditions  enumerated  above,  the  remain¬ 
ing  gas-liquid  characteristics— namely,  the  pressure  drops  between  the 
various  points  in  the  system,  the  time  average  of  the  distribution  of 
the  phase  components  in  space,  the  character  of  the  fluctuation  in  the 
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phase-distribution  density,  the  hydrodynamic  conditions  for  the  phase 
components  and  for  the  system  as  a  whole  (lamlnarity,  turbulence, 
etc.),  will  be  uniquely  defined. 


1-2.  Reference  Phase  Velocities,  True  and  Average 
raction  of  Gas  in  the  stream 


If  we  pass  some  control  plane  through  the  flow  of  the  gas-liquid 
mixture  (two-phase  flow)  perpendicular  to  the  direction  of  the  time- 
averaged  flow-velocity  vector,  we  may  write  the  volumetric  flow  rate 
of  the  phase  in  question,  per  unit  area  of  this  cross  section,  as 


v'«‘»  i 


ua? 

»* 


(1-1) 


where  V  [mVsec]  i3  the  volumetric  flow  rat-.e  of  the  given  component 
of  the  flow; 

•  W  is  the  cross-sectional  area; 

Arfsec]  is  a  period  of  time  substantially  greater  than  the 
quantity  i,  where  u  [sec"1]  is  the  frequency  of 
passage  of  discrete  formations  of  a  given  component 
(bubbles,  drops)  through  the  cross  section  in 
question; 

w[Vsec]  is  the  actual  velocity  of  the  given  component. 

Thus,  the  quantity  w£  (")  i3  the  average  flow  velocity  of  a 
phase  component  of  the  stream  and  will  be  called  the  reference  velo¬ 
city  of  the  given  phase. 


The  quantity 


(1-2) 
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la  called  the  volumetric  flow  fraction  of  gas  in  the  two-phase 
Btream.  In  reality,  the  flow  of  one  of  the  components  of  the  gaa- 
11 quid  system  need  not,  at  a  given  instant  of  time,  fill  up  the  whole 
cross  section  of  the  channel.  Generally,  part  of  the  channel  is  oc¬ 
cupied  by  the  other  phase.  Therefore,  Expression  (1-1)  is  more 
correctly  written  in  the  form  of  a  sum  of  integrals: 


(1-3) 


where  i  is  the  number  of  discrete  formatlonj  of  the  phase  under  con 
sideration  in  a  given  section  and  at  a  given  ir.3tant  of  time. 

The  ratio 


(1-4) 


is  the  instantaneous  value  of  that  fraction  of  the  section  of  the 
stream  occupied  by  the  ga3  phase,  i.e.,  the  true  fraction  of  gas 
in  a  two-phase  layer  of  thickness  dn,  where  n  is  tne  normal  to  the 

surface  0  . 

The  true  average  velocity  of  a  given  component  of  the  stream  is 

<i-5> 


i.e.,  the  true  average  velocities  and  the  reference  velocities  of  the 
phases  are  related  by  the  functions 


(1-6) 


i 


(1-7) 
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The  retie  of  the  total  Mae  flow  rate  of  the  phases  to  the  pro¬ 
duct  of  the  cross-sectional  area  of  the  channel  and  the  density  of  the 
Ley  phase  is  usually  designated  a.  the  flow  velocity  of  the  two-phase 

Stream i  ; 

_  _ • j.JL _•  (l-0) 

*•  (Fa  m9»+ f9* 


The  ratio  of  the  reference  velocity  of  the  gas  to  the  flow  velocity 
Of  the  mixture  Is  always  within  the  region  of  finite  value,  determined 

^jy  the  condition 

!  ^  0-0} 


Yhere  "2.  =,  o,  the  stream  consists  of  one  liquid  phase; 

-0 


=0 

where  -  7*  ,  the  stream  consists  of  a  gas  phase  only. 

-0 

The  average  relative  velocity  of  the  gas  phase  is 

•  • 

a-  .  s*- a • 

9  9  t  i-t* 


(i-io) 


hence 


(1-H) 


Solving  this  equation  for  *  ,  and  taking  into  account  that  when 
Vq  •  0,  f  -  0,  we  obtaini 

(1-12) 


.-*^VFFR- 
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When  w” 


0,  we  have: 


i 

Th.  quantity  ^  li  uaually  dc.lgnat.4  a.  th.  velocity 

of  the  mixture. 

Thus,  at  zero  relative  phase  velocity,  the  true  and  volumetric 

flow  fractions  of  gas  in  the  stream  are  equal. 

When  the  relative  gas  velocity  is  positive,  the  true  fraction  ♦ 

of  gas  in  the  stream  is  smaller  than  th.  flow  fraction  of  gas  *  . 

The  inequality  of  the  averaged  phase  velocities  is  sometimes 
called  "slip”  of  the  gas  flow  relative  to  the  liquid  flow.  As  will  be 
shown  in  the  following  chapters,  this  "slip”  changes  the  energy  losses 
In  the  gas-liquid  system,  as  compared  to  the  case  where  the  relative 

phase  velocity  is  zero. 


1-3.  Average  Density  of  the  Mixture 
The  weight  of  the  mixture  is 

O.-t'r  +  T'*". 


Introducing  the  concept  of  average  specific  gravity  of  the  mix. 


ture,  we  have: 


9m 

r  +  r 


hence 

i 


(1-13) 
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or 


i 

i 

The  relative  density  of  the  Mixture  is 


(l-13a) 


4 


*- 


(l-13b) 


Jj,.  pundamenMl  Dimensionless  Parameter,  of  »  -”g 

Setting  aside  a  .ore  detailed  concept  of  tn.  character  of  the 
phase  Interaction,  we  nay  enumerate  a  aeries  of  physical  qnantltle. 
which  definitely  Influence  the  hydrodynamic  process  In  gas-llquld 

systems.  These  values  are  given  in  Table  1-1. 

Table  1-1  contain,  nine  dimensional  variables  co.po.ed  of  three 
primary  dimension,  (kg,  m,  and  sec).  According  to  the  well-known 
theorem  of  dimensional  analysis,  the  greatest  necessary  number  of 
dimensionless  groups  that  can  be  composed  from  these  quantities  1. 

1  -  9  -  3  -  6. 

Tneae  groups  are  given  in  Table  1-2. 

ay  combining  the  criteria  given  In  Table  1-2,  we  may  obtain  a 
aeries  of  new,  more  specialised  groups,  such  as  the  Archimedes 

criterion 


I 
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which  characterizes  the  ratio  of  the  buoyant  (Archimedes)  force  acting 
on  a  given  element  of  the  stream  (such  as  a  gas  bubble  rising  in  a 
motionless  liquid)  to  the  drag  generated  by  the  viscosity  of  the  medium 
surrounding  this  element. 

Correspondingly,  the  group 

*  '  f-r 

■  / 

may  be  considered  to  be  a  measure  of  the  interaction  between  buoyancy 
and  inertia. 


1-5.  Fundamental  Equations  of  Hydrodynamics 

Even  veiv  small  liquid  drops  and  gas  bubbles  which  are  components 

of  some  gas-liquid  system  contain  such  a  great  number  of  molecules  that 

such  static  concepts  as  pressure,  temperature,  viscosity,  etc.,  may  be 

.3 

applied  to  them.  .  Thus,  a  gas  bubble  1  micron  (l.e.,  10  mm)  in 
diameter^ at  p  =  1  atm.  abs.  and  t  »  0°  C,  contains  1.4  *  10  molecules. 
Under  normal  conditions,  gas  bubbles  about  1  mm  in  diameter  contain 
about  10^  molecules. 

On  this  basis,  we  may  consider  that  for  practical  purposes  the 
motion  of  the  medium  within  any  region  cf  a  gas-liquid  system  is 
determined  by  the  ordinary  equations  cf  hydrodynamics  —  namely,  by 
the  equation  of  motion  and  the  equation  of  continuity.  As  we  know, 
in  vector  notation  these  equations  have  the  forms 
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"tp-fnip  +  p  (v*J»  +  div  **J  - 


(1-14) 

i 

(1-15) 

hp’e  p  is  the  density  of  the  medium; 

I 

p  is  the  viscosity  of  the  medium; 
p  is  the  pressure; 

H  is  the  true  (actual)  flow  velocity  of  the  medium; 
r  is  the  time. 

In  the  case  of  an  incompressible  liquid,  when  0  *  const,  the 
equations  of  motion  and  of  continuity  are  simplified  and  take  the 
following  form* 


gp-tnip  +  +  p.  pad)  •] ; 


tvs-O. 


(1-16) 

(1-17) 


The  equation  for  heat  transfer  within  the  given  phase  region, 
iwhen  the  flow  velocities  are  small  enough  to  Justify  disregarding  the 
kinetic  energy  of  the  stream  as  compared  to  its  heat  consent,  has  the 
form* 


(1-18) 


Translator's  note:  There  is  a  quantity  omitted  in  the  original 
under 'the  arrow  In  the  first  line  of  this  equation. 
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Table  1-1  Physical  Quantities  Determining  the  Hydraulic  Process 
in  Isothermal  Oas-Liquld  Systems 


Quantity 


Volumetric  flow  rate 
of  heavy  phase  per 
unit  cross-sectional 
area  of  the  stream  of 
the  mixture 

2  Volumetric  flow  rate 
of  light  phase  per 
unit  cross-sectional 
area  of  the  stream  of 
the  mixture 

3  Density  of  the  heavy 
phase 

Density  of  the  light 
phase 


5  Viscosity  of  the  heavy1 
phase 


6  Viscosity  of  the  light 
phase 


Surface  tension  at 
the  phase  boundary 


8  Acceleration  created 
by  the  gravitational 

field 

9  Linear  dimension  of 
the  system  (for  a 
given  configuration) 


Symbol  |  Dimensions 


Character  of 
physical  effect 


Determines  the 
order  of  the  true 
velocities  of  the 
elements  In  the 
heavy  phase 

Determines  the 
order  of  the  true 
velocities  of  the 
elements  In  the 
light  phase 

Specific  gravity 
of  the  heavy  phase 


Specific  gravity 
of  the  light  phase 


Characterizes 
molecular  friction 
(viscosity)  in  the 
elements  of  the 
heavy  phase 

Characterizes 
molecular  friction 
In  the  elements  of 
the  light  phase 

Characterizes  the 
work  expended  for 
changing  surface 
of  the  phase 
boundary 

Characterizes  the 
effect  of  gravity 
on  the  stream 

Characterizes  the 
spatial  scale  of 
the  hydrodynamic 
processes  under 
consideration 
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Table  1-2.  Dimensionless  Groups  Determining  the  Hydrouynamic 
Table  w.  Process  In  the  Two-Phase  Plow _ 


Nr 


Group 


w" 

V  zO.  ; 

5*  -0 


wl 

r 


w 

tl 


Physical  significance  of  group 


Describes  the  volumetric  flow  ratio  of 
phases  In  the  ratio. 

Describes  the  hydrodynamic  conditions  In  the 
the  given  phase  (lamlnarlty,  turbulence). 
Here  r  2 


.  JL  fEL_] 

p  LwcJ 


In  order  to  describe  the  flow  conditions  In 
the  two  phases  the  following  pairs  of 
quantities  must  he  given,  all  ether  condi¬ 
tions  being  equal: 


*6 1. 


w"  1 
-0  - 


w '  1 
-0  =. 


w"  1 
ZQ  i 


n 

9 


9 

^11  w jp —  »  OT*  9"  »' 

The  latter  two  pairs  are  equiy  V'-r.'.  the 

first  as  long  as  the  ratio  Wq/Wq  or  ^  ls 
given. 

Describes  the  ratio  of  the  phase  densities 
and  the  associated  ratio  of  the  Inertial  and 
volumetric  forces  applied  to  these  phases. 

Describes  surface  tension  and  gravity.  As 
follows  from  the  Laplace  equation,  a  physi¬ 
cally  more  accurate  rotation  is 


Describes  the  ratio  of  inertial  forces  and 

n2 


gravity  In  the  stream.  When  ^0  or  fi  is 

-0 

2  r  2  v 

given,  knowing  -0  or  -0  is  enough. 

H  Isl 
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Here 


X 


kcal 
•  deg.hr 

kcal 

leg'  •  deg 


] 

] 


Is  the  heat  conductivity  of  the  medium; 


is  the  specific  heat; 


t  [  °C  ]  ia  the  temperature . 

The  quantity  a  «  is  called  the  thermal  diffusivlty  and 
describes  the  time  rate  of  charge  of  the  temperature  of  a  given 
element  of  the  medium,  or  the  temperature  gradient  along  the  path 
the  element  travels. 


1-6.  Mechanical  Interaction  of  the  Phases  at  Boundaries 

In  order  to  combine  the  equations  of  motion  written  Jr  ;rtr3  for- 
each  of  the  phase  regions  of  the  gas-liquid  system  under  study,  con¬ 
ditions  must  be  given  which  relate  the  pressure  and  velocity  fields 
of  the  two  phases  at  the  interface. 

Let  us  single  out,  by  means  of  a  control  surface  P,  the  bounded 
region  V  which  includes  a  part  of  the  Interface  (Pig.  1-1).  To  the 
surface  P  are  applied  normal  stresses  •  n  and  tangential  stresses 
»f.  The  condition  for  dynamic  equilibrium  in  the  region  under 
study  will  take  the  form: 

(1-19) 


where  M  is  the  mass  in  the  volume  V; 
dwA 

i rr  13  the  acceleration  of  the  center  of  gravity  of  this 
volume. 
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On  the  other  hand 

j  firipr+fi* 

i  f'V-fiv+fidr, 

I 

t 

here,  as  before,  the  single  prime  refers  to  the  liquid  phase,  and 
the  double  prime  to  the  gaseous  phase. 

When  the  volume  of  region  V 

approaches  zero  as  surface  P  is 

drawii  toward  the  interface  Pb 

bounded  by  the  region  under  study, 

the  mass  forces  and  tue  msitial 

Figure  1-1.  Derivation  of  the  term  0f  Equation  (1-19)  vanish, 
conditions  of  phase  inter¬ 
action  at  the  boundary.  On  the  other  hand,  normal  and 

jtangential  stresses,  being  perpendicular  to  each  other,  will  not  bal¬ 
ance.  Consequently,  the  condition  for  dynamic  equilibrium  at  the  phase 
boundary  is  resolved  Into  two  equations! 

I'M  -ft  I  t1"21) 


(1-20) 


Thus,  the  forces  which  the  components  of  the  gas-liquid  system 
exert  against  each  other  are  equal  in  magnitude  and  opposite  in  direc 

tion. 


If  we  place  a  rectangular  system  of  coordinates  on  the  Interface 
in  such  a  way  that  the  plane  is  tangent  to  the  interface  at  the  given 
point,  and  the  v  axis  is  normal  to  the  surface,  we  will  have,  accord¬ 
ing  to  the  familiar  eq  at  ions  of  hydrodynamics; 


F-TS-9814,  V 


15 


the  phases  do  not  slip  relative  to  ssoh  other  .here  the,  are 
ln  eontact  along  the  Interfaces,  the  projection,  of  the  velocity  veo- 
tor.  ~  the  xt  Plane  (which  Is  tangent  to  the  Interface)  are  equal, 


(3-23) 


„  ohase  boundary  which  are  normal 
The  velocity  components  on  the  pha 

bv  the  mass  rate  of  change  of  phase 
to  the  xz  plane  are  determined  by  me 

and  by  the  specific  gravity  of  the  corresponding  phase, 


(1-24) 


M.s  rat.  of  Change  of  phase  1.  e*P™"3ed  in  Wg/sec  per  .  of 
interface.  Consequently,  In  the  absence  of  change  of  phase  (v  -  0) 

,t  the  interface,  the  tangential  components  of  the  phase  v.loc  y 
vectors,  a,  u.U  a.  the  vector,  themselves,  coincide  In  magnl 
„11  as  in  direction,  then  there  1.  a  change  of  phase,  the  phase- 
velo'lty  vectors  on  the  boundary  are  not  equal,  owing  to  the  ap- 
pearanc.  of  a  flow  of  material  across  the  Interface  and  owing  -o  . 

inequality  of  the  specie  gravities  of  the  phases. 

When  a  change  of  phase  1.  Present,  the  Inequality  of  quad- 
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w»  and  w"  results  in  a  change  In  the  momentum  of  the  stream  of 
material" gn  as  It  passes  through  the  Interface.  *a  we  know,  the 
change  In  Amentum  of  the  per-second  flow  rate  of  material  causes  the 
appearance  of  force  of  reaction  exerted  against  the  above-mentioned 
cross  section  of  the  system.  In  the  given  instance  a  force  appears 
which  is  normal  to  the  interface  and  is  equal  to 

t1"25* 


Taking  into  account  (1-24),  we  obtains 


(1-26) 


The  mass  rate  of  change  of  phase  is 


where  ^  la  the  density  of  the  heat  flux  absorbed  in  the  change 
of  phase  per  m^  of  interface; 
r  ^k°alj  l3  the  latent  heat  of  change  of  phase. 

Substituting  this  value  of  ^  into  (1-26),  we  obtains 


(1-27) 


Using  the  latter  equation,  it  is  easily  shewn  that  the  reaction 
resulting  from  the  change  in  flow  velocity  as  the  stream  of  material 
passes  through  the  interface,  is  very  small  in  ordinary  engineering 

t 
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problem.,  thus,  for  example,  with  a  ..ter  ...poratlcn  rat.  oorr..- 
pondlnE  to  a  beat-flux  den.lty  on  the  Interface  of  1,000,000 
kcal/m2*hr  and  atmo.pherle  pre.aur.  w.  haves 

r  .  539  kcalAsi  ‘  °-58  ''  ~  953  *** 

1  /  io8  \2  /i  _  0-?8  ^  .  0.045  kg-force/m2. 

Pa  ■  TTFrhns  ’  •  V  )  V 

At  a  heat  flux  den.lty  of  100,000  X=al/m2.hr,  w.  have,  for  the  .«* 
medium,  the  quantity  p„  =  0.00045  kg-force/m2. 

J.7.  o~.„,ee  Jump  at  the  Phaaejjoundaa: 

TP,  molecule,  of  the  U,uld  at  It.  boundary  with  a  xaa.  a  .olid 

body,  or  another  liquid  a-e  In  the  field  of  force  of  both  the  Elven 

liquid  and  the  molecule,  of  the  other  medium.  A.  a  reault  of  th  , 

the  fo-c.  exerted  by  the  .unrounding  molecule,  or.  a  molecule  of  th. 

aurface  layer  1.  a.y-etrlc.1,  th.  con.equ.nco  *•*«  - 

of  a  force  directed  toward  the  den.er  medium  (Mg.  1-2)-  ™  ef‘ 

fective  radius  of  a  molecule  Is 

very  small;  the  force  of  molecular 

interaction  is  reduced  by  three 

— orders  of  magnitude  if  '  —  'Ub_ 

—  — ” -  tance  is  changed  from  one  to  two 

Pigure  1-2.  Diagram  of  the  effective  molecular  diameters.  In 

S“K"  S^t^rlr'Se';  connection  with  thl.,  the  boundary 

liquid  and  In  the  superflc  a  ^  has  „  thlckn...  of  th.  order 

or  only  two  molecular  diameter..  1,..  le»  than  10*-.  « 

,ule.  on  the  aurface  layer  have  available  free  energy  and,  «—>->-  * 
th.  change  In  the  Interface  1.  accompanied  by  an  " 

o  ,yq«m  1.  at  .table  equilibrium  when  the  free  energy  1.  n  mum. 
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the  free  surface  of  a  liquid  will  be  reduced  to  a  minimum.  As  a 
consequence  of  this,  a  liquid  which  is  not  subjected  to  a  unilateral 

for'ce  will  take  the  shape  of  a  sphere. 

The  work  required  to  increase  the  interface  by  one  unit  area  is 

called  surface  tension: 


(1-28) 


The  curvature  of  the  interface  causes 


the  appearance  of  a  pressure 


Jump  defined  by  the  Laplace  formula: 


(1-2S) 


where  rkg-force-n  j  is  the  surface  tension  at  the  phase  boundary; 

^  m 

R  ,  R  ,[m]  are  the  principal  radii  of  curvature  of  the  in¬ 
terface  at  a  given  point. 

Th.  radii  of  curvature  are  considered  positive  if  they  are  direct- 
ed  into  the  first  phase.  For  a  sphere,  Rj  -  »2  -  Si  eonsequently, 
the  pressure  in  a  eas  bubble  exceeds  the  pressure,  in  the  sv-rc-irdlng 

liquid  by  the  quantity 


(1-30) 


Another  Important  surface  tenolon  effect  is  the  fact  that  satu¬ 
ration  pressure  also  depends  on  the  curvature  of  the  Interface.  Accord- 
me  to  the  Kelvin  fomula,  the  change  in  saturation  pressure,  with 
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reference  to  the  pressure 


above  the  plane  at  a  given  temperature.  Is 


(1-31) 


1-8.  dermal  Interaction  of  the  Phases  at  Their  Boundary 

Let  us  formulate  the  heat  balance  of  the  above -considered  volume 
V,  which  includes  the  interface: 


here 


[  kcal 
m-  degree -hr 


] 


1  [• 


kcal  1 

ViE  J 


kcal 


kg -degree 

ilM 


n  [m] 


is  the  heat  conductivity  of  the  medium; 

is  the  enthalpy  of  the  medium; 
is  the  specific  heat  of  tne  medium; 


is  the  temperature; 

is  the  external  normal  to  the  surface. 


•ranine  into  account  the  direction  of  the  heat-flux  vector  due  to 
conduction  and  the  direction  of  the  enthalpy-flux  vector  with  respect 
to  the  control  surface  P  on  both  sides  of  the  phase  boundary  (Fie- 
1-1),  we  nay  rewrite  Equation  (1-32)  In  the  following  form: 
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T 


*-4V. 


(1-33) 


When  there  la  c  change  of  phase  It  follows  from  the  condition 
of  conservation  of  mass  that  on  the  Interface 

tX-t'.;-*.-  (1-34) 

Reducing  the  volume  V  to  zero  by  drawing  the  control  surface  P 
toward  the  interface  F^»  we  obtain 

(1-35) 

where  r  -  i"  -  1 1  ^  k°al  j  is  the  latent  heat  of  change  of  phase. 

In  the  absence  of  a  temperature  Jump  it  follows  that 


(1-36) 


1-9.  Equation  of  Averaged  One-Dimensional  Motion 
of  a  flas-Llquld  Mixture  In  a  Circular" fube 

Let  us  consider  a  motion,  averaged  over  the  cross  section,  of  a 
gas-liquid  mixture  in  a  tube  whose  axis  we  will  take  as  the  x  axis 
(Pig.  1-3). 

The  resultant  of  gravity  and  pressure  which  are  exerted  on  the 
jvolume  dV  -  *  R2dx  is  equal  to  the  change  in  momentum  of  the  per- 
second  flow  rate  of  material  in  seotion  dx: 
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(1-37) 


«.  10“*)*'  +  #•)  '***-  % 

. -A- ((O' +  *»')(* +*S')  + 

+  (O'  +  *?)[&+ -O'i'-O'irJ. 


is  the  istantaneous  true  fraction  of  gas  in  the 
volume  V  of  mixture; 

are  the  tangential  stresses  at  the  tube  wall; 
is  the  per-seeond  flow  rate  of  the  medium; 


is  the  projection  of  the  vector  g  on  the  x-axis; 
is  the  average  velocity  of  the  medium;  and 
is  the  radius  of  the  tube. 


Figure  1-3.  Diagram  of  a  two-pha3e  flow  in  a  tube. 


The  per-seccnJ  flow  rates  of  the  phases  are  related  to  the  true 
fraction  of  gas  in  the  mixture  and  the  average  velocities,  by  the 

equations : 


(1-39) 

O'-rj'*''*#’. 
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The  phase  velocities  averaged  throughout  the  tube  cross  section 
are  functions  of  time  and  the  x-eoordinate;  i.e.,  from  the  definition 
of  a  total  differential, 


Jm- 


(1-39) 


Removing  the  parentheses  in  the  right-hand  member  of  Equation 
(1-37)  and  disregarding  the  quantities  of  the  second  order  of  small¬ 
ness,  ws  obtain: 


(1-40) 


When  there  is  a  change  In  the  state  of  aggr*fga*'lon, the  amount  of 
vapor  foraied  is  equal  to  the  amount  of  liquid  evaporated,  l.e., 

M'  _  SO’  _  SO. 

a  a*  d* 


It  follows  from  (l-39)  that 


(1-42) 


dw 


Substituting  into  (1-40)  the  values  0  and  “  from  (1-38)  and 


(1-42),  we  obtain: 


ds 


+*•'!£  +  +  «•-  ■*  . *JL.  (1-^3) 
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The  continuity  equation  of  the  average  flow  of  the  gas-liquid 
mixture  takes  the  form: 

±w- i  £(*'*')-*  U-44) 

h  " 

which  we  can  easily  prove  by  formulating  the  material  balance  for 
the  volume  V. 

The  total  change  in  the  amount  of  the  given  phase  in  the  section 
dx  is  equal  to 

+ £(»'•*'}  (1-45) 


Thus,  the  hydraulic  equation  of  motion  for  a  stream  of  gac 
liquid  mixture  in  a  tube  will  finally  take  the  form: 


f.  If'-fr'-Ofl  -  *  -  -  (l -r),'  (£ + *  *  )  4 

+  *%) + fr-*)  [£<»*)  + 


(1-46) 


The  last  term  of  this  equation  is  the  Meshcherskiy  forne  of  re¬ 
action  which  arises  during  a  change  in  the  state  of  aggregation  of  a 
gas-liquid  syrtem  whose  relative  average  phase  flow  velocity  is  dif¬ 
ferent  from  "ero;  i.e.,  this  term  is  the  resultant  of  the  reaction 


volume  of  the  mixture. 


If  the  phases  can  be  considered  incompressible,  i.e.,  if  it  is 
assumed  that  #'  =  const  and  *"  =  const,  then,  turning  to  the  reference 
velocities,  we  obtain  hydraulic  equations  of  motion  and  continuity  for 

I 


F-TS-9814/V 


24 


the  mixture  In 

i 


the  following  form: 


it  « 


+ 

+ 


(l-46a) 

(1-47) 


In  the  absence  of  a  change  of  phase,  aii*  -  fl2”  -  0»  and  the  eq’Jation 
of  continuity  (1-47)  resolves  Into  two  Independent  equations: 


(1-48) 


In  agreement  with  this,  the  last  term  of  Equation  (1-46)  vanishes 
as  well.  l.e. ,  the  hydraulic  equation  or  motion  of  the  gas-liquid  mix- 
ture  In  the  absence  of  evaporation  or  condensation  takes  the  form: 


(1-49) 


For  incompressible  components,  and  In  the  absence  of  change  of 
phase,  we  obtain  the  following  system  of  equations  In  terms  of  refer 

ence  velocities: 
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(1-50) 


*L 

h 


*5  . 

ii  +  *i 


-0: 

-a 


(1-51) 


1-10.  Heat  Balance  Equation  for  the  Plow 
o"  a  flas-Llquld  Mixture  in  a  Tube  ~ 


Figure  1-4.  Diagram  showing 
heat  transfer  In  an  element 
of  a  two-phase  stream. 


Figure  1-4  shows  a  diagram  of 

the  heat  fluxes  entering  an  elemen- 

2 

tary  volume  of  mixture  dV  -  »R  dx. 
The  amount  of  heat  flowing  In 
through  the  surface  of  the  tube 
Is 

dQn=fn *JMx,  (1-52) 


where  ^  1  Is  the  heat-flux  density  relative  fo  the  inner 

L  m  hr  J 

surface  of  the  tube. 

The  change  in  the  heat  flux  by  conduction  through  the  gaseous 
and  liquid  phases  in  the  direction  of  the  axis  is 


t 


F-TS-9S14/V 


2  6 


(1-53) 


-'>)** 

here,  m'  .and  m"  are  the  numbers  of  discrete  phase  elements  In  the 
given  cross  section  8  . 

Introducing  phase  temperatures  averaged  In  some  way  over  the 
cross  section,  we  rewrite  (1-53)  in  the  following  form: 

-  ±  [ -v  (i-  V)  £  (1-54) 

If  the  quantity  t  in  (i-53)  and  (1-54)  stands  for  the  temperature 
averaged  over  the  fluctuation  period,  then  X  is  the  sum  of  the  molec¬ 
ular  and  turbulent  heat  conductivities.  The  difference 
is  equal  to  the  sum  of  the  time  change  in  the  enthalpy  of  the  volume 
of  mixture  dV,  and  of  the  enthalpy  flux  along  the  x-axis,  i.e.. 


_  «*• |i.  |(|-  *)  fi'  +  + 


(1-55) 


Substituting  into  (1-55)  the  values  d^  and  jf  from  (1-52)  and 
(1-54)  we  obtain: 

Sk  +  4  x>  £-  -  ~ (O-fh'i’  +  nmr\+ 


(1-56) 


I 
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In  the  ease  or  thorough  phase  mixing,  »hen  the  temperature  through¬ 
out  the  eross  section  cm  be  consider*  equalised  (t-  -  t"  -  tie 
tion  (1-56)  takes  the  form: 


3s. 

* 


+ 


|i*  0  - ») + k'»i£  •  ^ K<  *  - 1>  1  v + n'd  *l + 
+P-n  J  • 


(1-57) 


Method  of  Dimensional  Analysis  and  Similarity 

Equation,  describing  some  class  of  physical  processes  can  always 
be  presented  In  dimensionless  for:..  Thl.  operation  can  be  accomplished 
either  by  dividing  th.  equation  by  on.  of  It,  tens,  or  by  introducing 
seal,  quantities.  For  example.  It  Is  po.slble  to  derive  a  dimension¬ 
less  velocity  by  dividing  *  at  a  given  point  and  at  a  given  Instant  of 
time  by  th.  average  flow  velocity  In  the  tube,  or  by  the  velocity  out- 
alde  th.  boundary  layer  in  the  c...  of  unbounded  flow  past  a  body.  W. 
„  ,ia„  choose  as  a  scale  a  combination  of  certain  quantities  which 
determine  the  course  of  th.  process  under  study;  for  example,  we  may 
take  the  quantity  »  "  «•  4  “  ^  V'l0Clty 

scale. 

By  dimensional  theory,  th.  highest  number  of  dimensionless  groups 
characterizing  a  given  process  Is  given  by  the  fomula 


(1-58) 
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in  which 

n  la  the  number  of  dimensional  parameters  characterizing  the 
process; 

m  is  the  number  of  primary  dimensions. 

»,  have  already  nude  u.e  of  this  method  In  Section  1-4. 

The  number  of  dlmen.ionl...  parameter,  in  the  process  1.  lower 
than  the  number  of  dlmenaional  parameter.,  while  their  magnitude  doe. 
„„t  depend  on  the  ay. tern  of  unit,  ohoaen.  Thi.  determine,  the  ad¬ 
vantage  of  .witching  over  to  the  analy.l.  of  equation,  and  experl- 

mental  data  In  term,  of  dlmen.lonle.a  parametora. 

process..  In  which  the  domain,  of  corresponding  dlmen.lonle.a 
parameters  are  geometrically  Identical  are  physically  similar.  This 
that  the  values  of  corresponding  dimensional  parameters  at 
corresponding  point,  of  similar  systems  differ  only  by  a  .cl.  factor. 

The  dimensionless  parameter,  of  th-  process  arc  .Iso  called 
criteria  of  similarity  since  In  similar  system  corresponding 


criteria  of  similarity  have  the  same  numerical  values. 

The  criteria  are  divided  Into  two  group.:  determining  and  non- 
determlnlng  (determinable)  criteria.  Criteria  composed  only  of 
qualities  that  are  among  th.  condition,  uniquely  defining  .  process 

are  determining. 

Each  of  th.  nondet.rmlnlng  criteria  J.  a  function  of  all  the 
determining  criteria. 

Th.  law  of  model  study  formulated  by  M.  V.  Klrplchev  and  A.  A. 
Oukhman  follows  from  this  b.slc  proposition  of  th.  method  of  simi¬ 
larity.  Processes  of  th.  same  Physical  nature  are  similar  If  they 
have  similar  uniquely  defining  condition,  and  If  they  have  corres¬ 
ponding  determining  criteria  that  are  numerically  Identical. 


t 
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By  reducing  equations  of  the  process  to  a  dimensionless  form, 
can  obtain  criteria  of  various  forms,  depending  on  how  this  opera- 
tlcn  1.  carried  out.  such  criteria  are  called  primary  criteria, 
however,  the  total  nmsber  of  criteria  doe.  not  depend  on  the  method 
by  which  the  equation,  are  reduced  to  a  dlmen.icnl...  form,  but  1. 
pr.cl.el,  one  unit  leva  than  the  number  of  term.  In  the  given  .qua- 

tion.  " 

in  analyzing  the  condition,  of  similarity.  It  1.  necessary 

define  all  the  determining  criteria  of  the  process  under  considera¬ 
tion  To  do  this,  we  have  to  form  such  combination,  of  primary 
criteria  a.  will  provide  the  greatest  possible  number  of  criteria 
composed  only  of  quantities  which  are  among  the  uniquely  d-nCng 
conditions.  But  the  total  number  of  criteria  (the  number  of  deter¬ 
mining  criteria  plus  the  number  of  nond. tending  "Iterla)  —  ~ 
main  unchanged . 

The  number  of  determining  criteria  1.  equal  to  the  difference 
between  the  number  of  Independent  variable,  of  a  given  process  and 
the  number  of  primary  quantities  (dimensions,  of  which  the,  are  com¬ 
posed.  If  the  equations  of  the  process  are  given,  the  Independent 
variables  entering  Into  a  given  term  of  the  equation  a.  product,  or 
..  ratio,  are  considered  a,  single  quantities  having  the  re.uutzng 

dimensions.  „ 

!„  hydraulic,  a.  a  whole,  and  In  the  hydraulic,  of  ga.-Uqu 

systems  in  particular,  the  method  cf  similarity  plays  an  Important 

pert,  a.  It  allows  us  to  analyze  In  a  distinct  and  general  form 

effect  of  a  great  numb.,  of  factor,  determining  the  motion  of  a 

stream. 
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CHAPTER  TWO 


MOTION  OP  DISCRETE  BUBBLES  AND  DROPS  IN  THE  ENTRAINING  MEDIUM 


2-1.  Steady  Motion  of  a  Small  Bubble 

The  smaller  the  dimensions  of  a  gas  bubble  moving  In  a  liquid 
medium,  the  stabler  is  its  spherical  shape.  Conversely,  as  a 
bubble's  dimensions  increase,  its  shape  deviates  more  and  more  from 
the  spherical,  and  mushroom- shaped  bubbles  are  formed  with  concavities 
in  the  rear:  there  is  a  general  tendency  toward  flattening  of  the 
bubole  in  the  direction  of  its  motion. 

Accurate  theoretical  solutions  are  available  only  for  spherical 
bubbles,  i.e.,  very  small  ones. 

In  the  case  of  steady  motion  of  a  spherical  bubble  rising  in  a 
large  volume  of  liquid,  only  the  drag  of  the  surrounding  liquid  and 
buoyancy,  which  is  a  function  of  the  difference  in  density  r*  the  gas 
and  the  liquid,  act  on  the  bubble.  Let  us  write  the  condition  for 
equilibrium  of  these  forces 


(2-1) 


where  f  is  the  drag  coefficient  of  the  bubble; 

w*  is  the  velocity  of  ascent  of  the  bubble; 
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0 

V 

Hence 

i 


is  the  cross-sectional  area  of  the  bubble; 
is  the  volume  of  the  bubble. 


*- 


cr® 


Por  a  spherical  bubble,  it  follows  from  (2-2)  that. 


(2-2) 


(2-3) 


where  g  is  the  radius  of  the  bubble. 

In  the  case  of  a  liquid  drop  settling  in  a  gas  Jet,  the  velocity 
of  settling  is  determined  by  the  sw'  formula,  but  in  the  denominator 
the  value  r  is  replaced  by  the  value  t  under  the  radical  sign. 

Examining  this  problem  in  the  light  of  the  general  hydrodynamic 
equations,  it  :s  expedient  to  combine  the  center  of  a  spherical  system 
of  coordinates  with  the  center  of  gravity  of  the  moving  bubble  (drop). 
In  aucn  a  case,  the  drop  as  a  whole  is  considered  to  be  motionless, 
and  the  external  Jet  to  be  moving  at  a  velocity  w  . 

The  equations  of  motion  and  continuity  are  written  separately 
for  the  external  medium  and  the  medium  contained  in  the  bubble,  in 
uhe  form  of  Equations  (l-l6)  and  (1-17).  Accordingly,  to  these  equa¬ 
tions  we  add  the  boundary  conditions  (1-22),  (1-23)  and  (1-24)  (at 

k  .  o)  on  the  phase  boundary,  and  the  condition  that  w  -  0  at  a  largo 
»n  ' 

distance  from  the  bubble. 

The  solution  obtained  by  Rybchinskiy  and  Hadanard,  has  the  form 


•  + JT 

in' -or  >l_ 

V  ,+sil 


(2-4) 
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At  *  »  0  ,  the  Rybchlnakiy-Hadamard  formula  changes  Into  the 
well-known  Stokes  Law  for  the  motion  of  small  solid  spheres  In  a 
liquid  medium; 


V 


(2-5) 


At  /«  #»'  Formula  (2-4)  gives: 

v-  I'-O*  (2.6) 

As  the  condition  m  *  corresponds  to  the  case  or  a  gas 
moving  In  a  liquid,  it  appears  from  the  comparison  of  (2-6)  and  (2-5) 
that  gas  bubbles  must  rise  1.5  times  faster  than  solid  spheres.  This 
Is  explained  by  the  mobility  of  the  Interface  between  the  liquid  and 
the  gaa  phases,  as  a  result  of  which  the  velocity  of  the  liquid  at 
the  bubble  surface  Is  lower  than  at  the  surface  or  a  solid  particle. 
Solutions  (2-4)  and  (2-5)  are  valid  for  spherical  particles 

when 


For  the  range  Re  *«50  to  800,  a  theoretical  solution  was  found  by 
Q.  Levlch.  However,  the  solution  Is  not  accurate  because  of  the 
separation  of  the  boundary  layer  at  the  wake  of  the  particle  at  Re  >  l. 
It  la  only  Important  to  mention  that  in  this  case  the  mobility  of  the 
interface  results  in  a  flow  which  Is  different  from  the  flow  pas: 
a  solid  sphere,  namely,  the  separation  point  In  the  case  of  a  motile 
boundary  la  displaced  nearer  to  the  wake  of  the  flow.  Therefore 

I 
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the  drag  of  such  a  particle  is  also  smaller. 

However,  the  experiments  and 

subsequent  theoretical  investiga¬ 
tions  of  A.  I.  Frumkin  and  V.  0. 
Levieh  showed  that  a  substantial 
deviation  in  the  motion  of  gas 
bubbles  or  drops  of  an  immiscible 
liquid  within  another  liquid  from 
the  motion  of  solid  particles  oc¬ 
curs  only  when  the  interacting 
media  are  unusually  pure.  Small 
impurities  strengthen  the  surface 
film  to  a  degree  where  the  motion 
of  bubbles  or  drops,  for  practical 
purposes,  no  longer  differs  sub- 


Figure  2-1.  Effect  of  im¬ 
purities  on  the  velocity  of 
ascent  of  air  bubble  '  in  water; 
(1)  theoretical  curve  ac¬ 
cording  to  Levieh j  (2)  ordin¬ 
ary  water)  (3)  distilled  water; 
(4)  water  twice  distilled  with 
permanganate . 


atantially  from  the  motion  of  solid  particles. 

Figure  2-1  shows  the  results  of  a  series  of  experiments  on  the 
motion  of  gas  bubbles  in  water  which  has  been  subjected  to  various 
degrees  of  distillation. 


2-2.  Law  of  Drag  for  a  Sphere  with  a  Motionleur.  ouxuuce 

Pigure  2-2  shows  the  relationship  between  the  drag  coefficient 
of  a  solid  sphere  and  the  Reynolds  number  plotted  on  logarithmic 
coordinates.  In  the  region  Re  <  2  laminar  flow  past  the  sphere 
takes  place,  and  Stokes'  Law  applies; 


t 
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to  which  corresponds  the  value 


(2-8) 


The  substitution  of  (2-8)  into  (2-3)  leads  to  Formula  (2-5). 

3  *5 

Within  the  ranee  1*10  <  Re  <  2‘10  ,  the  drag  coefficient  remains 

almost  constant  and  equal  to  approximately  0.4.  At  Re  >2*10^  the 
drag  coefficient  decreases  sharply,  which  is  caused  by  a  displacement 
of  the  separation  point  of  the  boundary  layer  (Fig.  2-3)* 


Figure  2-2.  Drag  coefficient  Figure  2-3.  Flow  of  a 

f  vs.  Re  number  for  a  sphere  liquid  past  a  sphere, 

with  motionless  surface. 


2-3.  Free  Motion  of  Gas  Bubbles  in  a  Llqulu 

The  following  act  on  a  gas  or  steam  bubble  floating  upwards  in  a 
liquid:  the  buoyancy  caused  by  the  pressure  gradient  in  the  direction 
of  motion  of  the  bubble;  the  drag  of  the  liquid  layers  surrounding  the 
bubble;  and  surface  tension.  The  latter  tends  to  give  the  bubble  a 
spherical  shape. 
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Figure  2-b.  Schematic  representa¬ 
tions  of  sir  bubbles  of  various 
sizes: 


v* 


JiT-  0.01  cm3  (7)  Y  -  l.»3  cm3 

Mi-o.*  :  e  i:!-S  ■ 


Figure  2-4.  Character  of  the  mo¬ 
tion  of  a  single  bubble  in  a  li¬ 
quid. 


*l!g  i  Mm 

«  1.0  (l 


1  m  1.0  "  (12)  T>  20.0  " 

However,  o.lnE  to  the  unequal  pressures  .round  the  hobble,  the 
latter  becomes  defomed.  In  thl.  ease,  the  greater  the  volun.  of  the 
bubble,  the  more  .lta  shape  will  differ  from  that  of  a  sphere.  The 
smaller  the  bubble,  the  Greater  the  surface  tension,  and  the  more 

stable  1.  Its  shape.  Very  — n  bubbles  *"  *lnMt  ,ntlrel)r 
In  large  bubbles,  the  Influence  of  surface  tension  Is  small  /see  For¬ 
mula  (1-30J7  as  compared  to  the  dyadic  effect  of  too  liquid  medium, 
and  the  bubble  assumes  flattened,  mushroom-ilka,  and  extremely  unstable 
.napes.  The  time  change  in  the  shape  of  such  a  bubble  leads  to  varia¬ 
tions  in  the  velocity  of  Its  ascent  and  to  deviation.  In  the  trajectory 

of  ita  motion  from  the  vertical. 

Figure  2-4  shows  e  diagram,  of  the  motion  of  a  bubble  from  MW's 
observations,  Fig.  2-b  shows  the  diagrams  of  air  bubbles  from  5.  M. 
ladyzhenskly's  observations,  Flg.2-6  shows  graphs  of  velocity  variations 
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in  the  ascent  or  steam  bubbles  from  Shamshev's  experiments.  These 
data  clearly  illustrate  the  unstable  shape  and  motion  of  gas  hubbies 

in'  a  liquid. 


Figure  2-6.  Variations  In 
velocity  of  ascent  of  a  steam 
bubble  In  a  large  volume  of 
water  at  p  ■  1  atm.  abs. 


Figure  2-7.  Diagram  of  a 
flattened  spheroid  er.tiai.icd 
by  a  stream. 


D.  A.  Frank-Kamenetskiy  showed  that  the  relative  velocity  of  a 
flattened  spheroid  (FI*.  2-")  does  r.ot  depend  or.  its  slse. 

The  flow  work,  resulting  in  a  change  d»  In  the  thickness  >f  the 
bubble* is  accomplished  against  the  surface  tension— i.e. , 


4L  .;£*!!  sdi- 

* 


-•A 


(2-9) 


From  the  condition  that  the  volume  of  the  spheroid  be  constant, 
we  have 


F-fll-comL 
BA  +  UB-0. 
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On  these  grounds,  replacing  In  Equation  (2-9)  the  quantity  oS. 
by  the  quantity  -*$o»  *e  flnd  that 

(2-10) 


v_ 

a 


,  .  to  o\  the  value  X  of  a  flat  spheroid  from 
B(y  substitute  into  (2-2)  the  value 

(2-10 ),  we  obtain: 

(2-11) 


It  follows  from  this  fomul.  that  the  average  ascent  velocity  of 
urge  flattened  Putties  (or  the  descent  velocity  of  flattened  drops, 

does  not  depend  on  their  site.  Consequently,  Formulas  (.  -1  (-  1 

describe  two  limiting  conditions  of  motion  of  buttle,  (drop.)  in  an 
entraining  medlum-nmsely,  the  first  fonsula  describe,  the  law  of 
motion  for  very  small  bubble.,  while  the  second  describe,  the  law  o 

motion  for  vei 7  large  bubbles. 


Figure  2-8.  (Meant  velocity  of  a  single  sir  bubble  in  water  vs. 
bubble  diameter  at  p  -  1  atm.  abs. 


I 
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Figure  2-8  gives  a  series  of  experimental  data  on  the  ascent 
velocity  of  gas  bubbles  in  water.  In  the  case  of  diameters  of  the 
order  of  2  to  5  mm,  the  ascent  velocity  decreases  owing  to  the 
starting  deformation  of  the  bubbles  and  to  the  resultant  increase  in 
the  drag  coefficient.  By  the  time  a  certain  stability  of  the 
flattened  shape  is  cached,  the  ascent  velocity  of  the  bubble  in¬ 
creases  somewhat  as  its  diameter  (or  more  exactly  its  volume)  in* 
creases  and  then  becomes  more  or  less  constant. 


2-4.  Effect  of  the  Finite  Dimensions  of  the  Vessel 

Let  us  examine  the  ascent  of  a  bubble  in  a  -ube  who  -  dam- 
we  will  make  commensurate  with  the  diameter  of  the  bubble  (Pig.  2-9). 
In  this  case,  the  drag  of  the  bubble  can  be  determined  by  the  rela¬ 
tive  velocity 

(2-12) 


in  which  w"  is  the  absolute  velocity  of  the  bubble  and  w'  is  the 
average  flow  velocity  of  the  liquid  in  the  annular  space  between  the 

bubble  and  the  tube. 

During  its  motion,  the  bubble  vacates  a  space  equal  ^  »|i  2* 
which  is  then  filled  up  by  the  liquid  flowing  into  it. 

Hence 


•R*dx* 


where  RQ  la  the. radius  of  the  tube  and  r  is  the  time 
dx 

.11  .  w" ,  we  obtain: 

d» 

•  I 


(2-13) 


Noting  that 
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(2-14) 

(2-15) 


Substituting  this  value  into  (2-3) »  we  find: 


(2-16) 


where  w"  is  the  ascen 


t  velocity  in  a  larg-  volume  of  liquid  (Bo»B)- 


Thus,  in  the  case  of  motion  in 
a  tube,  the  ascent  veV>  1',  thc 
bubble  decreases.  As  will  be  shown 
later,  experiments  disclose  a  more 

substantial  influence  of  the  quan- 
...  ,  B  onw"  than  follows  from 

Bo 

the  elementary'  calculation  given 
above. 


Pigure  2-9.  Diagram  for  the  problem 
of  bubble  motion  in  a  tube. 


2-5.  nenerallzatlor.  of  Experimental  ?ats  on ^he 
- Ascent  Velocity  o:  cir..:le  Eu..Ies 

i 

ut  u8  consider  In  general  the  condition,  detemlnlng  the  motion 
„r  a  bubble  in  .  liquid.  The  a.eent  velocity  of  the  bubble  depend, 
on  the  difference  in  the  densities  of  the  liquid  snd  the  gas,  and  on 
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the  drag  of  the  surrounding  liquid  determined  both  by  the  physical 
properties  of  this  liquid  (  t' ,  *  )  and  by  the  shape  and  dimen- 
sljons  of  the  bubble  itself  However,  as  contrasted  to  flow  past 
solid  bodies,  the  shape  -f  a  bubble  is  not  invariable  but  depends  on 
the  conditions  of  the  flow  past  the  bubble,  on  the  interaction  of  the 
forces  on  the  surface  film  of  the  bubble  and  in  the  stream  of  liquid. 
In  the  case  of  very  pure  liquids,  when  flow  on  the  phase  boundary  is 
observed,  the  effect  of  the  viscosity  of  the  gas  also  becomes 
noticeable. 

Disregarding  the  latter  factor  for  the  time  being,  we  may 
describe  the  motion  of  a  liquid  flowing  past  a  bubble  by  the  following 
system  of  equations: 


t b'-f)  -  +  p'vhr'  -  : 

dlvv-O; 

(*;/:*)-<>• 


(2-17) 


The  first  two  equations  of  (2-17)  are  the  conventional  equations 
of  motion  and  of  continuity  of  an  incompressible  fluid.  The  third 
equation  (2-17)  expresses  the  condition  of  the  equality  of  the  normal 
stresses  on  the  phase  boundary,  taking  Into  account  the  affect  of 
surface  tension  and  disregarding  the  influence  of  the  Viscosity  of 
the  gas.  In  this  case,  p»  is  the  pressure  in  the  liquid,  and  p"  Is 
the  pressure  in  the  bubble.  The  last  equation  of  (2-17)  Is  the 
equation  of  the  Interface. 

When  converted  into  a  dimensionless  form,  the  system  (2-17) 
gives  the  following  primary  similarity  criteria: 

I 
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ktV*  .  V.  VI  f 2-lP) 

if-n‘  »'•'*'  *•  '  I  '  *  *  pmV 

Let  as  introduce  new  criteria,  consisting  of  part  of  the 
criteria  in  (2-l8)s 


1*  • 

• 

kft  »<(»•-»*) 

If  — I'M* 

i 

(Vn^rf 

_  it  *  'l‘i\ - 

#/(»'-»*»  _ 

1*\  — 

(2-19) 

vf  «f  *r  l-r 

Furthermore,  we  note  that  the  group 

if*  mJSL.ll' 

*'•'  »'»'*  »’  ’ 

i.e.,  is  not  a  specific  criterion  and  can  be  excluded  from  considera¬ 
tion!  Consequently,  taking  into  account  (2-19)  instead  of  the  system 
of  criteria  (2-lS),  we  may  write  the  following  equivalent  system; 

K*.  Jt  •  fH-  »  -  ;  _ ,%t'  .  )  (2-20) 


I„  this  csss,  on  the  strength  of  the  penultimate  equation  of  (2-17), 
the  .scent  velocity  of  the  bubble  w"  Is  accepted  a.  the  characteris¬ 
tic  velocity.  The  free  ascent  velocity  of  the  bubble  .111  be 
uniquely  defined  If  the  volume  of  the  bubble  as  well  as  the  physical 
properties  of  the  gas  and  the  liquid  are  known.  Attention  should  be 
given  to  the  fact  that  the  volume  of  the  bubble  Is  always  among  the 
conditions  which  uniquely  define  a  given  phenomenon,  while  the  shape 
of  the  bubble  and  Its  radius  are  functions  of  the  process. 

Since  the  volume  Is  proportional  to  the  cube  of  the  character¬ 
istic  linear  dimension,  we  may  Introduce  Into  (2-20)  the  equivalent 
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radius  of  the  bubbles 


In  the  system  (2-20),  the  last  two  criteria  consist  only  of 
quantities  that  are  eaiong  the  uniquely  defining  conditions.  Conse¬ 
quently,  these  criteria  also  determine  the  process  of  the  rise  of  the 
gas  bubble  in  a  liquid.  Hence 


ll'  —  T*>*« 


r|. 


(2-21) 


or 


(2-22) 


The  group  9*  (I  -  ^  |  **  called  the  Archimedes  criterion. 

Based  on  numerous1  experiments  by  Peebles  and  Garber  and  by  other 
authors,  the  following  specific  expressions  for  the  function  f  can  be 

assumed. 

1  The  conditions  of  laminar  flow  past  a  bubble  which  remains 

*  2w"  3 

spherically  shaped  at  Re  -  <  2  are 

w 

C-34*«-\ 

2.  The  conditions  of  motion  of  bubbles  having  the  shape  of  flat 

0  42 

pulsing  spheroids  at  2  <  Re  <4A  ares 

I 

F-TS-S3l4/7  ^ 


<3*23) 

C-I8.7R*"**. 

i 

(2-24) 

3.  The  conditions  of  motion  of  bubbles  having  the 

shape  of  flat. 

relatively  stable  sprteroids  at  4A®*^2<Re  <  3*°’^°  are: 

(2-25) 

C-OXH75A'*Re4. 

(2-26) 

4.  The  conditions  of  motion  of  mushroom- shaped  bubbles  at 
Re<3A°'5°  arc: 


(2-27) 

C-0.88A‘,“Re. 

(2-28) 

In  these  formulas, 

denotes  the  first  of 

the  criteria  written  in  functional  notation  in  (2-21). 


Figure  2-10.  Generalised  data  on  ascent  velocities  of  single 
bubbles.  Lines  calculated  by  Formulas  (2-5)#  (2-23)# [2-25), 
and  (2-27).  " 
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Figure  2-10  shows  the  results  of  experiments  by  Peebles  and 
Garber,  plotted  on  l ,  Re  coordinates.  The  curves  passing  through 
thS  points  were  calculated  from  the  above-mentioned  formulas.  As  is 
evident  from  the  graph,  experimental  points  for  various  liquids  up  to 
a  certain  Re  value  fall  on  the  general  curve  corresponding  to  the 
Stokes  formula  (Re  <  2)  and  to  Formula  (2-24)  (Re  >  2).  When  the 
value  Re  >  4A0,1*2  is  reached,  the  single-valued  relationship  between 
f  and  Re  is  violated,  and  the  experimental  points  for  each  liquid 
fall  on  a  separate  curve  corresponding  to  Formulas  (2-26)  and  (2-28). 


2-6.  Relative  Motion  of  Single  Drops 

The  relative  motion  of  drops  of  a  liquid  in  a  stream  of  another 
liquid  in  the  absence  of  mass  transfer  is  described  by  the  same 
system  or  equations  as  the  motion  of  single  gas  bubbles  in  a  liquid. 
Accordingly  the  functional  relation  (2-21)  is  also  valid.  A  number 
of  experiments  on  the  motion  of  drops  were  carried  out  by  N.  I. 
Smirnov  and  V.  L.  Ruban.  The  special  feature  of  these  experiments 
was  the  fact  that  in  them  the  ratio  of  drop  diameter  to  container 
diameter  was  varied— i.e.,  the  relationship  between  w"  and  the  para- 

p 

meter  was  determined  experimentally.  Unfortunately,  ti  are  no 

So 

data  in  these  experiments  on  surface  tension  coefficients  at  the 
"ndary  separating  the  liquids  used.  Therefore,  we  can  plot  only 
the  relationships 

Re -/(An  £).  (2-29) 

where 

D-2R,  D„ - 2/?,. 

I 
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Figure  2-11  shows  the  relationship  between  the  group  ——  and 
£  within  the  range  of  the  Stokes  law  of  drag  (Re  <  2) .  Within  this 

So 

range,  according  to  Formula  (2-5). 


Curve  1  in  Fig.  2-11  corresponds  to  calculation  by  means  of 
Formula  (2-iC).  As  can  be  seen,  most  of  the  experimental  points 
demonstrate  that  the  eommensurability  of  the  tube  and  the  drop  sizes 
has  a  greater  influence  than  follows  from  the  calculation  given  In 
Section  2—'!.  This  circumstance  can  apparently  be  explained  by  the 
fact  that  the  influence  of  the  dimensions  of  the  container  13  mani¬ 
fested  not  only  by  the  appearance  of  a  reverse  current  with  the 
velocity  w'  of  the  entraining  medium,  but  also  by  a  retarding  effect 
due  to  Internal  friction  In  the  entraining  stream. 


As  a  result,  there  is  a  certain 


and  the  criteria  .'r  and 
if -1*1*8' 

Thus  far,  however,  the  experimental 
data  are  Insufficient  for  a  detail¬ 
ed  answer  to  this  problem. 

The  results  of  experiments  by 
N.  I.  Smirnov  and  V.  L.  Ruban  with 


relationship  between  the  function 


large  drops  are  shown  In  Fig.  2-12 


in  the  form  of  the  relation 


Re-/(A»). 


18  Re  D 

Figure  e-ll  •  -r- —  vs  w~ 

*r  So 


experiments  with  drops  of  one 
liquid  in  another  liquid. 


on 


I 
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'  The  range  of  Re  value,  covered  by  the.,  experiment.  correspond., 
for  a  .olid  sphere ,  to  the  variation  of  t  approximately  from  0.T5  to 
0.45.  A.  for  the  experiment,  under  con.lderatlon,  they  can  be  satl.- 
factorily  correlated  by  the  relation 


Rt-SJAf*. 


(2-30) 


.  e  *  nf  the1  order  of  0.2  In  Formula 
which  corresponds  to  a  value  of  f 

(2-3). 


Figure  2-12. 


£-i£.  Ke  vs. 

In  another 


Ar  from  experiments 

. 1  4  * 4  H 


with  drops 


Furthermore,  the  graph  In  Pig.  2-12  doe.  not  Indicate  any  ap¬ 
preciable  influence  of  the  ratio  although  the  author,  of  these 
experiment,  themselves  arrived  at  the  conclusion  that  they  had  dl. 

covered  such  an  Influence. 

I 
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2-7,  Release  Diameter  of  a  Gag>  Bubble  Growing,  on  a  Solid  Wall 


In  liquid  degassing,  tolling,  and  also  in  a  series  of  hetero¬ 
geneous  chemical  reactions,  gas  or  vapor  bubbles  grow  on  a  solid  wall. 
The  shape  of  a  bubble  on  the  wall  varies  with  the  wettability  of  the 
surface  by  the  given  liquid.  The  more  wettable  the  wall,  the  smaller 
the  angle  of  contact  •  formed  by  the  solid  surface  and  the  tangent  to 
the  bubble  surface  at  its  point  of  contact  with  the  wall.  The  bubble 
is  attached  to  the  wall  by  a  force  which  is  proportional  to  surface 
tension  #.  The  Archimedes  force  and  the  dynamic  pressure  of  the  flow¬ 
ing  liquid  tend  to  sweep  away  the  bubble  from  the  wall. 
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Figure  2-13.  Release  diameter 
vs.  angle  of  contact  of  a 
bubble  on  a  solid  wall. 


Figure  2-14.  Comparison  of  cal¬ 
culations  by  Formula  (2-31) 
(solid  line)  with  experimental 
data.  (1)  hydrogen;  (2)  water 
vapor. 


Figure  2-13  shows  the  results  of  calculations  by  V.  Fr^r  deter¬ 
mining  the  bubble  diameter  at  the  instant  of  its  release  from  the  wall 
(release  diameter)  in  a  motionless  liquid  phase.  This  relationship 
may  be  expressed  by  the  interpolation  formula 


(2-31) 


in  which  #°  is  the  angle  of  contact  for  wetting. 

I 
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Figure  2-14  compares  the  results  of  these  calculations  with 
certain  experimental  data. 

*  S.  0.  Teletov  showed  that  in  a  moving  liquid  the  release 
diameter  of  the  gas  bubble  decreases  as  a  function  of  the  criterion 
W2 

IT* 


2-8.  Formation  of  a  Vapor  Bubble  on  a  Heating  Surface 

Who.!  a  liquid  boils  on  a  heating  surface  and  the  heat  flu.:  is 
lower  than  the  critical  flux  (see  Chapter  7),  vapor  is  generated  in 
the  form  of  bubbles  at  individual  points  of  the  heating  surface. 

These  points  are  called  vaporization  nuclei  and  are  microscopic  ir¬ 
regularities  of  the  surface.  If  the  heating  surface  is  sufficiently 
large,  the  distribution  of  active  nuclei  becomes  equally  probable 

in  all  sections  of  the  heating  surface. 

The  temperature  of  the  saturated  vapor  in  a  vapor  bubble  which 
is  in  a  state  of  'thermodynamic  equilibrium  is 

(*-*> 

in  which  *£r  is  the  effective  pressure  drop  due  to  surface  ten¬ 
sion; 

t"  is  the  saturation  temperature  above  the  plane  at  a 

—  R  ■ 

pressure  equal  to  the  pressure  in  the  liquid  at  the 
level  of  the  bubble. 

From  Formulas  (1-30)  and  (1-31)  it  follows  that 

(2-33) 

I 

:'9 
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£b«  quantity  ^  ia  determined  by  the  well-known  thermodynamic 

formula 

«'  ^rii'-n  (2-34) 

*9  nr 

in  which  A  =  ^  koalAf-"1  i3  the  heat  equivalent  of  work. 

Hence,  the  radius  of  the  bubbles  formed  in  the  superheated  -layer 
of  the  boiling  liquid  is  determined  by  the  formula 

=  (2-35) 

rfU 

in  which  At  is  the  degree  of  superheating  of  the  layer  relative  to 
the  saturation  temperature  above  the-  plane  at  the  given  pressure. 

In  the  absence  of  microscopic  protrusions  (or  depressions)  on  a 
heating  surface  with  a  radius  of  the  order  of  vaporization  is 

hampered  and  can  take  place  only  as  the  result  of  density  fluctua¬ 
tions  in  the  superheated  liquid. 

Pigure  2-15  shows  several  frames  of  a  motion-picture  film  from 
the  work  of  L.  M.  Zyslna-Molozhen  and  S.  S.  Kutadeladze  on  which  the 
process  of  bubble  boiling  was  recorded  by  high-speed  exposure. 

The  first  frame  shows  the  instant  at  which  the  entire  central 
part  of  the  heating  surface  (dark  stripe  in  the  lower  part  of  the 

frame)  is  wetted  by  the  liquid  (water). 

In  the  second  frame,  0.00175  second  later,  a  small  dark  cone 
indicates  the  spot  where  a  vapor  bubble  is  forming.  The  linear 
dimensions  in  the  frame  are  determined  by  a  scale  wire  0.2  mm  in  di¬ 
ameter,  visible  as  an  inclined  dark  line  in  the  center  of  the  frame. 
In  the  third  frame,  0.0095  second  later,  we  see  a  vapor  bubble 
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which  has  already  taken  shape;  and  finally,  in  the  last  s’«txth) 
rrame,  0.0285  second  later,  the  vapor  bubble  i«  released  fro*  the 
heating  surface  and  the  latter  is  again  in  contact  with  the  liquid 
phase  at  this  point. 


Figure  2-15.  Growth  process  of  a  vapor  bubble 
on  the  heating  surface. 


Figure  2-16  shows  the  results 


Figure  2-16.  Bubble  dis¬ 
tribution  as  a. function  of 
the  frequency  of  bubble 
formation  (boiling  water): 

flj  p  -  1  atm.  abs.; 

2)  p  «=  1.95  atm.  abs.j 
(3)  p  -  2.77  atm.  abs. 


of  frequency  measurements  of 
vapor  bubble  formation  in  the  same 
experiments.  These  data  clearly 
illustrate  the  statistical  nature 
of  the  process  of  bubble  boiling. 
The  well-defined  maxima  on  the 
curves  n(u)  denote  the  most  prob¬ 
able  frequency  (under  the  given 
conditions)  of  vapor  bubble 
formation.  This  quantity  declines 
with  increase  of  absolute  pressure 
in  the  liquid. 


2-9.  Equation  of  Motion  for  a  3ubble  (Drop)  in  an  Entraining  Stream 

If  there  Is  a  pressure  gradient  in  the  entraining  stream,  due 

not  only  to  the  change  in  level  (hydrostatics)  but  also  to  frictional 

losses  (such  as  in  flow  through  a  tube),  then  in  such  a  stream  not 

only  the  Archimedes  force  but  also  the  force  due  to  the  presence  of 

grad  p„  will  act  on  a  bubble  or  drop, 
r  ‘ 
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Figure  2-17.  Diagram 
showing  the  interaction  of 
the  Archimedes  force  and 
the  force  proportional  to 
grad 


The  equation  for  the  relati' 
entraining  medium  may  be  written 


In  the  general  case,  the  re¬ 
sultant  action  of  these  forces  la 
equal  to  the  vector  sum 

+  ]v. 

In  which  V  is  the  volume  of  the 
bubble  (drop). 

The  interaction  of  these 
forces  is  schematically  shown  in 
Pig.  2-17. 

e  motion  of  a  bubble  (drop)  in  the 
in  the  following  form: 


(2-36) 


here  w"  and  w'  are  the  absolute  velocities  (relative  to  the  con¬ 
tainer)  of  the  bubble  and  of  the  entraining  medium; 
r  is  the  time; 

q  is  the  calculated  bubble  cross  section; 
f  Is  the  coefficient  of  resistance  to  relative  motion 
of  the  bubble  in  the  entraining  medium,  or-  ur-ag  co¬ 
efficient; 

|  is  the  coefficient  of  entrainment  of  the  entraining 
medium  ("Dound  mass")  equal  to  0.5  for  a  sphere; 
f  is  the  coefficient  of  reactivity  which  is  a  function 
of  the  unequal  rate  of  evaporation  (condensation) 
along  the  bubble  surface. 
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The  first  term  of  this  equation  describes  the  force  of  expulsion 
of  the  bubble  as  a  result  of  the  pressure  differences  on  its  surface 

i  I 

which  are  functions  of  the  pressure  field  in  the  entraining  stream. 

The  second  term  describes  the  force  of  resistance  to  the  relative 
motion  of  the  bubble  in  the  entraining  medium.  The  third  term  describes 
the  inertia  of  the  bound  mass  (entrained  with  the  relative  motion  of 
the  bubble)  of  the  entraining  medium.  The  fourth  term  describes  the 
inertia  of  the  bubble  itself.  The  fifth  term  describes  the  reactive 
force  (Meshchcrskiy  Force)  generated  by  the  change  in  the  mass  of  the 
bubble  (drop)  as  a  result  of  the  processes  of  evaporation,  condensation, 
combustion,  or  diffusion. 

Por  a  bubble  having  the  shape  of  a  sphere  (i.e.,  of  a  rather 
small  bubble),  it  follows  from  (2-36)  that: 


(2-37) 


Calculations  show  that  the  time  of  nonsteady  motion  of  bubbles 
(drops)  with  a  constant  mass  is  very  short.  Thus,  for  example,  at 
r"«  8  kg/m^,  t'  *  950  kg/m^  and  D  =  0.2  mm,  the  time  of  SuC.ie.ation 
of  the  bubble  from  zero  to  995^  of  the  equilibrium  relative  velocity  is 

_K 

of  the  order  of  10  second;  under  the  same  conditions  and  p  *  5  mm, 

-3 

this  time  is  of  the  order  of  10  second. 


I 


F-TS-9814/V 


53 


CHAPTER  THREE 


DOWNFLOW  OF  LIQUID  FILMS 

3-1.  Flow  Regimes  In  Thin  Films 

Comparatively  thin,  flowing  liquid  films,  washed  by  P.  gas  or 
steam,  are  found  in  different  condensation,  absorption  and  other 
equipment.  Depending  on  the  value  of  the  criterion  of 
similarity 


(3-1) 


where  I  is  the  thickness  of  the  film;  three  fundamental  types  of 
flow  regimes  can  be  observed: 

1)  laminar  flow  of  liquid  film  with  a  smooth  interface 

(Re  <  30  to  50) | 

2)  laminar  flow  of  liquid  film  with  a  rippled  interface 
(30  to  50  <  Re  <  100  to  400); 

3)  turbulent  flew  of  liquid  film  (Re  >100  to  40v) . 

The  mass  flow  rate  of  liquid  per  1  m  width  of  film  is 


o;- 


(3-2) 


and  consequently. 
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(3-3) 


Thus,  the  Reynolds  criterion  of  the  liquid  film  can  be  calcu¬ 
lated  without  any  direct  separate  measurement  of  the  thickness  and 
average  velocity  of  ‘'•he  film. 


Equations  of  Motion  for  a  Film 

As  a  result  of  the  slight  thickness  of  the  film.  Its  flow  may 
be  considered  to  be  planar,  even  on  curved  surfaces  (tubes,  nozzles). 
Also,  by  virtue  of  the  same  slight  thickness  of  the  fil":,  t.  2  der-ra 
tives  of  velocity  taken  across  the  film  are  large  in  comparison  with 
the  derivatives  along  the  film,  and  the  pressure  change  across  the 
film  is,  for  all  practical  purposes,  nil.  In  this  connection,  the 
equations  of  flow  for  the  film  (Pig.  3-D  «y  be  written  in  the 
following  forms  . 


JL. 

¥ 


<fc 


t 


(3-4) 


Thus  the  equations  for  the  film  are  analogous  to  the  familiar 
equations  for  the  boundary  layer  of  an  unbounded  liquid  stream. 


I 
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At  the  wall 


Figure  3-1.  Diagram  of  film 
flow  on  a  vertical  wall. 


At  the  interface 


here  f"  is  the  coefficient  of 
frictl-n  of  the  gas  against  the 
film  surface,  whose  sign  depends 
the  direction  of  the 


on  the  direction  of  the  gas  flow  relative  to 
vector  g. 

It  follows  from  the  equation  of  continuity  that: 


(3-5) 


The  condition  of  continuity  of  flow  in  an  elementary  volume  of 
the  film  dV  =■  1  •  1  •  dx  gives: 


(3-6) 


in  which  4  Is  the  thickness  of  the  film; 

w*  Is  the  rate  of  change  of  phase  at  the  film  surface. 

-ch 

Assuming  that  ths  curvature  of  the  film  changes  substantially 

only  in  the  direction  of  flow-l.e.,  along  the  ;-a*ls~»e  may  -rite 

that  the  excess  pressure  is  equal  to 
» 
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The  radius  of  curvature  of  the  film  surface  is  related  to  its 
thickness  and  to  the  x-coordinate  by  the  well-known  function 

31nce  4L«  l.  Equation  (3-7)  may  be  rewritten  in  the  following 

4* 

form: 

(3-8) 


Substituting  this  value  of  p'  into  the  equation  of  motion  for 
the  film,  we  obtain: 


(3-9) 


3-3.  Tj.minar  Plow  of  a  Film  of  Constant  Thickness 

When  the  notion  of  a  film  of  constant  thickness  (O'  =  const; 

I  -  const  )  is  slow  and  steady,  the  interface  remains  strictly 
parallel  to  the  surface  of  the  wall  along  which  the  film  is  flowing. 
In  this  case  the  equation  of  motion  takes  the  elementary  form: 


% 
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The  boundary  conditions  for  this  equation  ares 

I 

y-0,  «'=0; 

-±c 


(3-10) 


(3-H) 


Integrator  (3-10)  and  taking  Conditions  (3-H)  into  account,  we 
obtain: 


(3-12) 


Por  downflow  of  gas,  a  plus  sign  must  be  used  in  the  second  term 
of  this  equation  (the  gas  carries  the  liquid  film  along  in  the  same 
direction  as  the  force  of  gravity).  Por  upflow  of  gas  (the  gas  re¬ 
tards  the  downflow  of  the  film),  a  minus  sign  is  used. 

I 

The  velocity  of  the  liquid  on  the  phase  boundary  is 

•i-  (3-13) 


The  relative  velocity  of  the  gas  is  equal  to 

(3-lA) 
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The  average  (flew)  velocity  of  the  liquid  in  the  film  is 

S’-  r}^'  (3-15) 


When  the  gas  flows  upward  the  liquid  flow  velocity  becomes  nega¬ 
tive  (the  whole  film  is  carried  along  upward)  at 


W~i*» 


>1. 


(3-16) 


Condition  (3-16)  determines  the  "flooding"  of  the  apparatus. 

In  view  of  the  low  flow  velocities  in  a  viscous  film,  we  may 
assume  for  practical  purposes  that  v”  *  w"  without  resorting  to  the 
calculation  of  the  quantity  w£  by  means  of  Equation  (3-13). 

Multiplying  both  parts  of  Formula  (3-13)  by  the  quantity  r  I  , 
we  obtain: 

IK1-" ’'>»•;  (3-17) 


this  equation  permits  us  to  calculate  the  thickness  of  the  laminar 
film  from  the  known  liquid  flow  rate.  Particularly  for  the  case  of 
flow  in  a  practically  motionless  gas. 


l 


(3-18) 
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3-4.  Wave  Plow  of  Film  at  w"  +6  0 


I 

i 


Pigure  3-2.  Wave-like  motion  of  a 
film. 


In  the  ease  of  a  wave  regime 
capillary  waves  appear  on  the  sur- 

1 

face  of  the  film  (Pig. 3-2).  The 
!  capillary  forces,  which  then  appear 
as  the  result  of  a  deformation  of 
the  interface,  are  commensurate 
with  the  forces  of  gravity  and 
viscosity  acting  in  the  film.  This 
type  of  flow  was  investigated  by 
?.  L.  Kapitsa,  whose  solution  was 
defined  3omewhat  more  accurately 
by  V.  0.  Levich  and  V.  K.  Bushmanov 


At  g"«s:0,  tangential  stresses  on  the  free  surface  of  the  film 
are  for  practical  purposes  absent,  and  the  velocity  profile  when 
the  surface  is  undisturbed  has,  according  to  (3-12)  and  (3-15)/  the 
forms 


(3-19) 


In  wave  motion,  the  average  velocity  along  the  cross  section  is 
a  function  of  the  x-cocrdlnate  as  well  as  of  time  *  .  Therefore,  we 
assume  for  the  case  under  study  that: 

(3-20) 

1 

» 
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,»!.  equation  satl.ries  '’°"altlonB  (3-U)  “V  S”  “  °’ 

By  aubatltutlng  th«  va!u.  or  *  fro*  <**»  rf 

wu.  ran  the  m.  (3-9),  ** 

*  ter.  .nun  tne  unit,  or  y  -  0  and  ,  -  ,  .  end  h,  *  * 

{1  ...  hy  averaging  over  the  thickness  of  the  «1»).  « 


5*  4. is  = 

*  *  W W*  *  t'  **  *• 


-  r 
f 


(3-21) 


The  equation  of 


continuity  (3-6)  at  %  -  0  take,  the  rom: 


_» 

* 


»(«»») 

* 


(3-22) 


Considering  waves  of  small  amplitude  only  we  will  express  the 
film  thiclcness  in  the  form  of  a  binomial: 


l-i+* 


(3-23) 


where  ?  is  the  average  thickness  of  the  film; 

,  is  the  coefficient  of  deviation  of  the  instantaneous  value 

of  the  thiclcness  from  its  average  value. 

Capillary  waves  originating  on  the  surface  of  a  film  flowing 
downward  under  the  influence  of  gravity  are  not  damped.  Thus  we  may 
consider  that  ,U  the  quantities  In  Equation  (3-3!)  » 

.  th.  ..coordinate  and  the  phase  v.loelt,  v_.  1....  or  the  ar^nt 

(x  -  vr  ).  Then 
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(3-24) 


I 


Introducing  these  expressions  into  Equations  (3-21)  and  (3-23) » 
we  obtain: 


-  “  : 


/*-•  \**«  A  #y  **  *» 

(»*'  vir ”7  £  *<«+»»• 

i||.-^l(n.t)J  a. 


•  +  *=*■: 


r' 


(3-25) 

(3-26) 


It  follows  directly  from  the  latter  equation  that 

l(s-i;i<t  T)  conn  i(*  •>).  (3-27) 

where  w£  is  the  average  velocity  in  a  stream  of  cross  section  7  . 

It  follows  from  (3-27)  that  the  following  relation  applies  in 

the  wave  at  the  film  surface: 


expanding  this  express: on  into  a  series,  we  have: 


^.(i  tjn-utv-i  £■ 


(3-29) 
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Substituting  these  expressions  into  (3-25)*  we  obtain  an 
equation  for  the  dimensionless  amplitude  *  .  At  small  amplitudes 
/  «  l,  which  allows  us  to  consider  only  first  approximations  for 
w'x  and  |w£/*x. 

*  2 

The  energy  loss  due  to  friction  in  the  film*  per  m  of  wall 

surface,  is 


(3-30) 


Averaging  along  the  wavelength  we  obtain, 


(3-3D 


where  X  is  the  wavelength  in  the  given  instance. 

2 

The  average  work  of  gravity  per  m  of  wall  is 


i.o: 


(3-32) 


In  a  steady-state  process,  the  condition 


I 
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b.  ..tuned,  from  which  It  follows,  sftor  transformation. 

that: 


♦. 


(3-33) 


where 


(3-3^) 


By  V.  a.  Levich1 a 


calculations,  as  a  second  approximation. 


•  0.8. 


(3-35) 


Th.  measuromonrs  of  the  wav.  profile,  carried  out  If  -oaoi  of 
th.  shadow  method  by  P.  L.  Kapitsa  and  S.  P.  Kapltaa,  showed  satis¬ 
factory  agreement  of  theory  and  experiment.  At  the  same  time, 
another  Important  circumstance  was  discovered  In  the  cure,  of  the 
exrerlments:  the  wav.  regime  In  the  film  flow  1.  relatively  easll, 
transformed  Into  a  turbulent  regime  when  external  perturbation,  act 

on  the  stream. 
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3-5.  Turbulent  Plow  of  a  Film  of  Constant 


.  As  a  first  approximation,  a  turbulent  flow  may  be  divided  into  a 

i 

laminar  sublayer  and  a  turbulent  core  (Pig.  3' 3).  The  velocity  pro¬ 
file  in  this  case  is  determined  by  a  system  of  two  equations: 


(3-36) 


here  ^  is  the  calculated  thickness  of  the  laminar  sublayer; 

X  is  a  constant  characterizing  the  structure  of  th"*  *’urhu- 


lent  stream. 


irnniiiii 


mwiM 


According  to  available  experi¬ 
mental  dal.  x  *  0.4  and  y^  -  11.6 
Expressions  (3-36)  have 
approximate-equality  signs  since, 

~n  reality,  the  turbulent  fluctua- 

, ,  tions  also  penetrate  into  the 

*.•« 

laminar  sublayer,  and  since  the 

Figure  3-3.  Velocity  distribution  viscous  friction  playa  a  well-known 
for  a  two-layer  pattern  of  turbu¬ 
lent  flow.  part  in  the  turbulent  core  in  the 

vicinity  of  the  sublayer.  Besides,  the  expression  given  above  for  the 

tangential  stress  which  is  due  to  turbulent  friction  is  itself  only 

approximate . 

In  the  film,  the  tangential  stresses  in  a  steady  flow  balance 
the  effect  of  gravity  and  the  friction  of  the  gas  asainst  the  free 
surface  of  the  liquid,  i.e.. 


F-TS-93l4,V 


65 


•  «f 


(3-37) 


On  a  solid  wall  z  -  0  and  tha  tangential  stresses  are 

! 

i 

,y* 


(3-38) 


On  the  phase 


boundary  i  =»  I  and  th?  tanger  ial  atreaaea  are 


(3-39) 


! 

,,  .  result  of  the  sm.ll  thichness  of  the  laminar  sublayer,  tan- 
gentlal  stresses  In  this  Isyer  may  be  considered  practically  constant 
»nd  equal  to  .  For  a  slowly  moving  sas  »e  h,ve 

(a)  in  the  laminar  sublayer 

Hu*'*.  (3-40) 

*  f  4r  • 


(o)  in  the  turbulent  core 


i 


I 


(3-41) 
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Integrating  (3-^*0) ,  we  obtain: 

1 

.*  .J-.JllJlly;  (3-^2) 

wt*f> 

I 

•  i  ! 

.accordingly,  on  the  boundary  between  the  aublayer  and  the  core- 

t  I 


*(*-£)*• 


Integrating  (3-41),  we  obtain: 


(3-43) 


-me  constant  of  integration  is  determined  by  the  condition  that 
| at  2  -  Xx,  1  -  s'r  Finally,  we  have: 


•;.= — : + -r  *('  -  f^)I* 

_  (^T-irrjiivT.v'nni 
+ 1,1 ‘•(ynyTrjJiv'1. -/*-,!)! 


(3-45) 


that 


In  the  vicinity  of  the  aolid  wall,  where  y  4  I  ,  we  may  assume 
■Wj  .  X.  J.  .  and  Formula  (3-45)  takes  the  form: 
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(3-«6) 


+  tV'  *(1-f)’x. 


+r/7Ff)*<. 


■me  last  expression  is  the  familiar  logarithmic  la*  of  velocity 
distribution  in  a  turbulent  stream  in  the  vicinity  of  a  solid  wall. 

As  may  be  seen  from  these  calculations,  although  a  relatively 
■simple  logarithmic  velocity  profile  does  not  satisfy  the  boundary 
conditions  on  the  free  surface  of  the  film,  it  neverthalos-  per¬ 

mit  calculating  the  velocities  in  various  cross  sections  of  the  film 
with  an  error  not  exceeding .5*  in  most  cases  of  practical  Interest. 

In  this  case,  the  greatest  error  is  made  in  the  immediate 
i vicinity  of  the  free  surface  of  the  film.  This  circumstance  is  ex¬ 
plained  by  the  fact  that  the  most  substantial  velocity  change  takes 
place  in  the  relatively  thin  layer  of  the  film  in  the  vicinity  of  the 
[wall  when  g  <£  *  and  Formula  (3-46)  is  sufficiently  valid.  In  the 
external  layers  of  the  turbulent  film,  however,  velocity  varies 
relatively  little. 

We  must  also  point  out  that  in  the  external  boundary  of  the 
film  the  intensity  of  the  turbulent  fluctuations  may  be  damped,  not 
only  as  a  result  of  the  decrease  in  the  quantity  fl/fljr,  but  also  under 
the  influence  of  the  resistance  of  the  surface  layer  of  molecules, 
l.e.,  as  a  result  of  the  surface  tension  of  the  liquid. 

■me  influence  of  this  effect  can  hardly  be  substantial  since  in 
the  vicinity  of  the  film  surface  the  velocity  varies  negligibly. 
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Table  3-1.  Comparison  of  velocity  profiles  In  a  film 
freely  flowing  down  a  smooth  vertical  wall,  calculated 
from  Formula  (3-45)  and  approximate  Formula  (3-46). 


L 

% 

O.M 

0.91 

0.10 

0.79 

1 

fi-0.10 

* 

»— /t 

by  (MS) 

II.S 

19.0 

19.7 

19.0 

19.9 

^1 

i 

11.0 

19.0 

19.0 

10.9 

17.9 

tz±.  100%  ! 

fl  1 

0.0 

!  0.07 

-0.09 

-9.9  | 

-&.S 

rVt  j 

by  (MS) 

,,, 

10. f; 

1 

i 

71. 4 

1 

! 

w.o 

1 

1 

;  «•' 

*-#.01 

1 

"••/I. 

by  (3-40) 

17.1 

1 

I 

[7, 

17.4 

1  79, 

l  2S.I 

I 

< 

ft..,.?!  <0C% 

Vi 

|  0.0 

0.0 

1  0.0 

t 

j-0.0 

1 

The  average  velocity  In  the  film  Is 

I 

I  5-x(jv<,+!;.v, 


Substituting  the  value  from  (3-46)  Into  this  for,;.’ 'la  and 
assuming  *—t  yj  C  •  ,  we  obtain: 


(3-47) 
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Multiplying  both  members  of  this  equation  by  the  ratio  —r 
Introducing  the  values  it  and  7^,  obtain* 


and 


1  » 

+15[“(iriV/  £('?) '  '{• 


(3-48) 


•  Substituting  the  value  of  0^  into  this  equation,  it  is  possible 
to  calculate  the  thickness  of  the  turbulent  film  at  a  given  liquid 
1  flow  rate . 


!  3-6.  Laminar  How  o^  a  Film  when  Condensation 

and  Evaporation  Occur 

i 

In  the  case  of  a  film  freely  flowing  downward,  it  follows  from 
Formula  (3-12)  that 


I 

1 


(3-49) 


When  vapor  condensation  or  evaporation  occurs  at  the  film  sur¬ 
face,  the  rate  of  change  of  phase  is  not  zero.  Then,  according  to 

(3-6), 

£jwWy-w.  (3-50) 
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3_7.  Heat  Transfer  between  a  Turbulent  Film  and  a  Vertical  Wall 

We  may  write  the  following  equation  for  the  coefficient  of  heat 
transfer  from  the  turbulent  stream  to  the  wall: 

I 

£  Pr.Re).  (3-5*0 

i 

f 

in  which  Pr  - 

In  a  substantial  range  of  Prandtl  and  Reynolds  numbers  (but  at 

:  Pr  >  0.6) 

! 

|  /(Pi;  R*)«.Pim.  (3-55) 

j 

Taking  into  account  that 

I 

I 

| 

'we  may  write: 

I 

«  _  <•  /£.\M  ®i.  ±-  (3-56) 

7  •  \ar/  * 

Expressing  the  tangential  stresses  on  the  wall  in  terms  of  the 
dynamic  head  of  the  film,  we  ha.e. 

(3-57) 
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Combining  [ 3-57 )  and  {3-37)  at  ^  -  0,  we  obtain  for  a  alowly 
moving  gas  (vapor)  s 


(3-58) 


By  substituting  this  value  of  -j-  into  (3-56),  we  find  that 


(3-59) 


I 

I 

» 
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CHAPTER  POUR 


DISCHARGE  OP  A  GAS  INTO  A  LIQUID 


4-1.  Pecullax*lty  of  the  Discharge  of  a  Qaa  Into  a  Liquid 

In  contrast  to  so-called  submerged  Jets,  where  the  material  in 
the  Jet  and  the  material  filling  the  space  are  capable  of  molecular 
mixing,  interfaces  appear  when  a  gas  is  discharged  Into  a  ij-qUid. 

In  this  case,  the  molecules  of  the  light  and  heavy  components  of  the 
system  do  not  mix.  Penetration  of  one  phase  into  the  other  takes 
place  in  the  form  of  separate  small  Jets,  bubbles,  and  drops. 

4-2.  Dimensions  of  a  Bubble  Released  from  an  Orifice 

In  the  case  of  moderate  escape  velocities,  the  light  phase  flows 
out  from  the  nozzle  orifice  In  the  form  of  bubbles  (drops)  succes¬ 
sively  breaking  away.  In  the  general  case,  vhe  bubble  which  forms 
Is  acted  upon  by  buoyancy  and  convection  currents  in  th'  liauid, 
which  tend  to  sweep  the  bubble  away  from  the  rim  of  the  orifice. 

The  force  pressing  the  bubble  against  the  rim  of  the  orifice  is  pro¬ 
portional  to  the  surface  tension  and  the  perimeter  of  the  orifice. 

When  the  convection  currents  are  weak  and  the  viscosity  of  the 
liquid  is  low,  we  have: 
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(4-1) 


where  r.Q  is  the  radius  of  the  bubble  at  the  instant  of  its  release 
and  Rj  is  the  radius  of  the  orifice.  Hence, 


_  **»! — 
»<i-n 


(4-2) 


or,  in  a  dimensionless  form, 


(4-3) 


In  the  general  case,  the  proportionality  factor  in  Formula  (4-3) 
is  a  function  of  the  criteria  which  determine  the  hydrodynamic  process 

in  the  two-phase  system  as  a  whole. 

Figure  4-1  shows,  on  the  co¬ 
ordinates  of  Formula  (4-3),  the  re¬ 
sults  of  the  experiments  by  N.  I. 


IBwKiiimi!! 
iiNV'miiunii 


fiHIBS!!! 


Figure  4-1.  Value  of  «.y 

from  experimental  data.  Gas: 
air;  liquid  medium:  U)  ethyl 
alcohol;  (2)  benzene;  (3) 
water;  (4)  nitrobenzene;  (5) 
carbon  tetrachloride. 


Smirnov  and  S.  E.  Polyvt.  As  can 
be  seen.,  this  simple  formula  gen¬ 
erally  agrees  rather  well  with 
\f f  ~~ -L  experimental  data,  but  the  coeffi- 

®nS!  clent  of  the  radical  should  be 
ethyl 

3)  .  taken  approximately  as  unity.  The 
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empirical  formula  advanced  by  the  authors  mentioned  above  has  the 
form? 


*L 

*  I 


(4-4) 


4-3.  Velocity  of  Discharge  Through  a  Rather  Larne 

Orifice 


Let  us  consider  the  discharge  of  a  light  component  Into  a  heavy 
one  as  the  successive  formation  and  release  of  a  series  of  separate 
bubbles  (drops).  The  diagram  for  such  a  discharge  that  Is  charac¬ 
teristic  of  a  two-phase  system  is  shown  In  Pig.  4-2. 

If  we  disregard  inertial  forces,  the  work  of  bubble  formation 
is  the  sum  of  the  work  of  changing  the  free  interface  and  the  work 
of  overcoming  hydraulic  resistance  to  the  displacement  of  the 
growing  bubble. 

The  work  of  formation  of  the  free  surface  Is 


*L.-*F* 


(*“5) 


In  ttv  case  of  a  spherically-shaped  interface 
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and 


(4-6) 


The 


resistance  to  the  displacement  of  the  bubble  Is 


% 


(4-7) 


I 


|  where  f  13  the 

1  wS  is  the 

I  - 

)  phase. 

Hence,  the 


drag  coefficient  (generally  variable); 

velocity  of  the  phase  boundary  relative  to  the  heavy 

elementary  work  cf  the  drag  is 


I 

i 


* 


(4-8) 


Comparing  (4-6)  and  (4-8),  we  find  that  the  ratio  of  the 
elementary  work  of  the  free  surface  formation  and  the  work  of  over 
coming  the  drag  of  the  heavy  phase  is 


(4-9) 


Assuming  that  when  convection  currents  are  weak,  the  relative 
velocity  is  equal  to  the  rate  of  growth  of  the  bubble. 


I 


(4-10) 
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in  which  r  is  the  time,  we  obtain 


"2.  -  !SB  (£.)'. 

*Lt 


(4-n) 


Bie  equation  of  the  conservation  of  mass  gives: 

(4-12) 

in  which  is  the  velocity  of  discharge,  i.e.,  the  flow  velocity 
of  trie  light  phase  through  the  nozzle  orifice.  Hence, 


a 

* 


(4-13) 


Substituting  this  value  of  dR/dV  into  (*■  -11),  we  have 


(-‘-1-0 


Figure  -2.  Diagram  showing 
discrete  discharge  of  the 
'  light  phase  into  the  heavy 
phase . 


as  an  example  of  this,  for  the 
discharge  of  air  into  water  at 
Wq  =  1  iVsec; 

7'  =  1,000  kg/m3: 

0  *  7  •  10"3  kg-force/m; 

Rx  -  3  *  10"3  m; 


I 
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jl  a*  and  when  a  turbulent  flow  past  the  bubble  Is  present 
(  {  «#o.4)  we  obtaim 


4L.  m>m;.7IQ-* 


In  this  connection,  as  a  first  approximation  for  turbulent  flow 
past  a  bubble,  we  may  consider  only  the  quantity 


(4-15) 


In  the  case  of  laminar  flow  past  a  bubble  (?.e  <  2) 


(4-16) 


i 


as  a  consequence  of  which  L,  and  Lg  become  commensurate . 

The  work  of  bubble  formation  Is  accomplished  at  the  expense  of 
loss  in  kinetic  energy  of  the  light  phase  flowing  into  the  bubble 
during  the  time  ^  of  bubble  formation,  i.e., 


(4-17) 


t 
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(Hence, 


The  average  flow  velocity  through  the  orifice  Is 


(4-18) 


(4-19) 


and  the  time  of  bubble  formation  Is 


(4-20) 


The  average  flow  velocity  cf  the  light  phase  during  the  time 
lapse  Ar  >  1 3 

(4-21) 


where 


I- 


(4-22) 


|  here  la  tlme  laP3e  between  the  Instant  one  bubble  is  releas'd 

and  the  Instant  another  bubble  begins  to  form.  j 

•  •  ! 

■  I  » 
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Let  ua  assume  that 


therefore 


and 


Substituting  the  value  of  w![  from  (4-25)  into  (4-19), 
after  calculation  that 


Ml 


Substituting  the  values  of  L#  and  w£  into  (4-17)  we 
after  integration. 


(4-23) 


(4-24) 


(4-25) 


we  find 


(4-26) 


obtain. 
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Assuming  that  In  the  case  of  weak  convection  currents  the  mag 
nltude  of  Rq  may  be  determined  from  Formula  (4-2),  we  have  after 
wimple  transformations 


ViMi'-n 


(4-28) 


At  a  constant  rate  of  growth  of  the  bubble  (m  =  0),  v;e  obtain 
the  following  expression: 


g -Vv 


- 1.» 


(4-29) 


4-4.  Formation  of  a  Stable  Oas  Cushion  Under  the 
Orifice  of  a  Perforated  Plate 


One  of  the  problems  of  practical  Importance  in  the  hydraulics  of 
two-phase  flow  Is  the  question  of  a  steady  work  regime  of  a  hori¬ 
zontal  perforated  plate  through  which  vapor  (gas)bubbles  into  the 


I 
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liquid  _  _ 

—ar° 

_£^^Cyr°O0a 

S^a 

t«d  fltte  J 

BUnkat  of  <j*i 


hrf»r»tid 


Figure  4-3.  Diagram  showing 
the  operation  of  s  submerged 
perforated  plate. 


liquid  layer  (Fig.  4-3).  In  this 
case,  there  is  a  steady  supply  of 
gas  along  with  the  formation  of  a 
continuous  gas  layer  (gas  cushion) 
under  the  perforated  plate. 

Evidently,  the  condition  for 
the  steady  existence  of  a  stable 
gas  cushion  is  the  requirement 
that 


(4-30) 


in  which  w"/m  is  the  minimum  flow  velocity  corresponding  to  the  con 
tinuous  discharge  of  bubbles.  Corresponding  to  this  condition  are 
*2  =  0  and  1=  1— i.e.,  within  the  range  of  applicability  of 

Formula  (4-29): 


(4-31) 


It  follows  from  the  obtained  formulas  that  the  velocity  of  the 
light  phase  passing  through  the  orifice  depends  little  on  the  orifice 
diameter,  relatively  little  on  the  surface  tension  at  the  phase 
boundary  and  on  the  specific  gravity  of  the  heavy  phase,  and  de¬ 
creases  substantially  with  an  increase  in  the  density  of  the  light 
phase  (i.e.,  in  the  case  of  a  gas  with  an  increase  in  pressure). 

I 
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4-5.  Comparison  of  Theory  with  Experimental  Data 


The  characteristics  of  the  bubbling  (dynamic)  liquid  layer  have 


steady  values  only  if  the  layer  is 


of  Itsvel  above  tHe  plate 

Pigure  4-4.  w"/m  vs.  liquid 
level  from  experiments  with 
air  and  water. 


thick  enough.  This  is  explained 
by  the  fact  that  the  periodic 
generation  of  bubbles  causes  con¬ 
siderable  fluctuations  in  the 
thin  layer,  in  which  case  a  reso¬ 
nance  may  develop  leading  to  an 
abrupt  disturbance  of  the  stabil¬ 
ity  of  the  mixture.  Tas  results 
of  measuring  quantity  w"/m  given 
in  Pig.  4-4,  from  K.  A.  Blinov's 
experiments  with  small  layer 
depths  show  that  fluctuations  also 


take  place  in  layers  having  a  depth  of  about  100  to  150  mm. 

Photographs  taken  by  K.  A.  Blinov  and  S.  M.  Broderzon  of  the 
discharge  of  a  gas  into  a  liquid  confirm  the  discrete  character  of 

the  motion  of  the  light  phase  (see  Pig.  4-5). 

Pigure  4-6  compares  calculations  by  means  of  Formula  (4-31) 
with  K.  A.  Blinov's  experiments  carried  out  with  a  layer  .'00  nm 
thick.  As  can  be  seen,  the  above-stated  theory  of  gas  discharge  into 
a  liquid  not  only  reflects  the  qualitative  aspect  of  this  complicated 
phenomenon  well,  but  also  gives  sufficiently  accurate  quantitative 

results. 
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Figure  4-5.  Ph.tc.-raoh  cf  process  :f 
discharge  cf  a  i?as  1  nt ;  a  liquid. 


Figure  4-'.  .  Ccmoarlscr.  of  data  computed  by 
of  Formula  (4-31)  with  experimental  data. 
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means 


4-6.  Discharge  Into  a  Viscous  Medium 


Substituting  th.  value  of  t  from  (4-16)  Into  (4-6)  and  st 
w" /r  -  d£/dr  ,  we  obtain 


(4-32) 


At  dR/2r 
(4-26)] : 


=  const  (m  =  0)  we  have  [see  Pormulas  (4-13)  and 


* i  V  «.•  * 


(4-33) 


Substituting  thesa  expressions  Into  (4-32)  and  lnt.gr.tlng  th. 
obtained  aquation  ulthln  the  limits  v  -  0,  r  -  V  »e  obtain: 

(4-34) 

Further,  toeing  into  ..count  (4-18)  and  (4-33),  »e  have: 


*rf 


Tt  Vw'Rl 


(4-35) 


Solving  this  equation  by  substituting  into  it  L#  from  (4-15) 


and  Ls  from  (4-34),  we  find  that 
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At  =  0,  thi-  formula  turns  into  Formula  (4-27)  (at  m  -  0). 

However,  the  viscosity  of  the  liquid  not  only  influences  the 
discharge  velocity  w"  but  also  the  size  of  the  release  diameter 
of  the  bubble.  This  influence  may  be  approximately  taken  into  ac¬ 
count  by  introducing  into  Formula  (4-1)  another  term  which  takes 
Stokes'  viscous  friction  into  consideration.  We  nave: 


(4-37) 


From  (4-13)  and  (4-33)  it  follows  that 


(4-38) 


Substituting  this  expression  into 


(4_37),  we  obtain  the  equa¬ 


tion 


(4-39) 
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where 


„  .  ln  .  Tll0oue  liquid.  other  condition.  reualnlnS  th. 

Therefore,  in  nt  ^  experi- 

the  ^  dlareter  of  the  —  *  «* 

men.,  of  K.  ».  Blinov  confl-e*  this  >ls0  le>a. 

-  - — ‘ — — - 

the  quantity  «  /»•  H°w!ve  _ 

a^nfiltv  of  more  tnan  j-v 
•xoeriments  only  at  a  viscosity 


.  18  the  sum  of  the  pressure  in 

The  pressure  in  the  gas  cu  h  pressure  drop 

,  of  *he  perforated  plate,  the  pres 

th.  liquid  at  the  oau,ed  in  th.  hubblf  by 

in  th.  orifices,-  and  th.  «*«.  P 

surface  tension. 


i  ». 


Th.  difference  ln  pressures 


if  f*Jm  f  • 


averaged  over 


the  time  lapse  VT2’ 


u  balanced  ln  a  freely  sutatrrged 
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plate  by  the  difference.  In  the  hydrostatic  pressures  at  the  level 
of  the  plate  and  at  the  level  of  the  lower  surface  of  the  gas 

blanket. 

Hence,  the  thickness  of  the  gaseous  layer  Is 


V 


h'-i'M. 


i*i*» 


(4-41) 


The  minimum  thickness  of  the  stable  gas  layer  under  the 
perforated  plate  Is  determined  by  Formula  (4-41)  when  w"  -  w, 


I 
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CHAPTER  FIVE 


DYNAMIC  TWO-PHASE  LAYERS 
5-1.  General  Information 

we  call  a  liquid  layer  through  which  a  gas  is  blown  (is  bubbling; 
a  dynamic  two-phase  layer.  A  two-phase  (or,  more  accurately,  a  two- 
component)  layer  nay  also  be  formed  by  two  mutually  insoluble  liquids 

of  different  densities. 

Bubbling  through  a  liquid  layer  is  used  in  widely  varied  tech¬ 
nological  processes.  These  include  various  types  of  bubble  columns 
used  in  chemical  technology,  the  Bessemer  process  used  in  metallurgy, 

the  scrubbing  of  steam  in  steam  boilers,  etc. 

With  the  emergence  of  the  gas  on  t!  -  surface  of  the  two-phase 
dynamic  layer,  bursting  of  gas  bubble  shells,  for  practical  purposes, 
takes  place  instantaneously  in  a  pure  liquid.  Therefore,  the  sta¬ 
bility  of  such  a  dynamic  two-phase  layer  is  nil  in  the  absence  of  a 
flow  of  the  light  phase,  i.e.,  the  two-phase  layer  exists  only  in 
che  course  of  motion.  More  accurately,  the  discontinuance  of  gas 
reeding  into  the  liquid  layer  will  lead  to  the  two-phase  dynamic 
layer  changing  into  a  single-phase  layer  within  a  short  time  Interval 
The  latter  is  equal  to  the  sum  of  the  ascent  time  of  the  bubbles 
through  the  liquid  layer,  and  the  very  short  "life  span"  of  the 
bubbles  on  the  surface  of  this  layer. 
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Even  a  small  admixture  of  surface  active  substances  J.r.  the 
liquid  becomes  concentrated  at  the  phase  boundary;  this  usually 
results  in  a  considerable  increase  in  the  time  required  for  liquid 
films  to  rupture  (in  a  number  of  cases,  finely  dispersed  solid 
particles  suspended  in  the  liquid  produce  an  analogous  effect). 

If  the  surface  active  substances  exhibit  structural  viscosity, 
the  rupture  time  of  the  films  may  be  considerable  when  external  in¬ 
fluences  are  absent.  In  such  cases,  when  bubbling  is  slow,  a  layer 
of  foam  accumulates  on  the  surface  of  the  dynamic  two-phase  layer. 

Foam  is  a  film-cellular  system  whose  individual  bubbles  are  connected 
by  their  separating  films  into  a  general  framework.  The  thickness 
of  the  foam  layer  is  determined  by  the  average  life  span  of  the 
individual  bubbles,  and  by  the  rate  of  growth  of  the  layer  from 
beneath  due  to  the  arrival  of  new  bubbles. 

At  bubbling  rates  commonly  occurring  in  engineering  equipment, 
the  foam  on  the  surface  of  the  two-phase  layer  Is  rapidly  destroyed 
by  the  dynamic  effect  of  the  gas  and  the  liquid.  Therefore,  as  a 
rule,  no  significant  layer  of  practically  motionless  foam  is  ob¬ 
served  on  the  surface  of  the  dynamic  two-phase  layer.  However,  an 
increase  in  the  stability  of  the  gas  bubbles  in  the  liquid  has  great 
influence  on  the  structure  of  the  two-phase  layer  Itself.  Tn  a 
"foaming"  liquid,  the  bubbles  do  not  aggregate  so  well:  they  rise 
more  slowly  and  after  reaching  the  surface  of  the  layer  burst  more 
slowly.  In  this  case,  swelling  Increases  sharply,  and  the  density 
distribution  along  the  top  part  of  the  dynamic  two-phase  layer  changes. 

The  mechanism  of  the  effect  of  impurities  in  the  liquid  on  the 
dynamic  two-phase  layer  has  remained  almost  completely  uninvestigated 
thus  far. 
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^he  basic  regime  characteristics  of  a  dynamic  two-phase  layer  are: 

a)  conditions  ensuring  the  continuous  feeding  of  the  bubbling 
medium  through  the  orifices  of  the  nozzles  or  of  the  perfo¬ 
rated  plate; 

b)  density  of  the  mixture; 

c)  stability  of  the  bubbling  layer; 

d)  hydraulic  resistance  of  the  layer. 

The  first  of  these  Question.  «a.  examined  to  .  certain  extent  in 
the  preceding  chapter.  Some  data  on  the  other  questions  are  given 

below . 


5_2.  nimensionle—  p«™«»tera  of  a  Dynamic 

Let  us  consider  the  physical  factors  affecting  the  buttling  of 
pure  liquids. 

per  each  bounded  volume  of  a  given  phase,  «  may  wit.  the  per 
tlnent  equations  of  motion  and  continuity,  namely: 

,)  equations  of  motion  and  continuity  applying  within  the 

elements  of  the  heavy  phase; 


dlv  w'-O. 


(5-la) 


a)  aquations  of  motion  and  continuity  applying  within  the  el. 
ments  of  the  light  phase? 


» 
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T 


tr’-  f»d  #' 

dlv^-O; 


(5-lb) 


c)  equations  of  mechanical  interaction  of  the  phases  at  tne 
phase  boundary* 


> 


•> 


At  the  same  time,  we  have  to  take  into  account  the  pressure  Jump 


where  ^  and  Ro  are  the  principal  radii  of  curvature  at  a  given 
point  on  the  boundary. 

The  totality  of  the  independent  variables  in  these  equations, 
and  the  conditions  for  introduction  of  the  light  phase  into  the 
bubbler,  determine  the  hydrodynamic  regime  of  a  pure  two-phase  layer. 

These  independent  variables  are  the  physical  constants  of  the 
phases  t\  v",  *  .the  acceleration  of  gravity  g,  the 

characteristic  velocity  of  the  heavy  phase  w^,  the  characteristic 
velocity  of  the  light  phase  Wq  ,  and  the  geometric  dimensions  of  the 
bubble  equipment. 

The  above-mentioned  quantities  are  combined  into  dimensionless 
groups  given  in  Table  1-2. 

I 

F-TS-9814/V  93 


Thus,  if  the  determinable  dimensionless  characteristic  of  the 
two-phase  layer  is  then  for  pure  liquids  in  the  general  case: 


*  | 

/•;.  SL-  _ i. - ;  Jl;  il;  ±  . . /c  ^ 


here,  1,  1^ ,  12  .  .  .  are  geometric  characteristics  of  the  bubbler. 

These  criteria  may  be  combined  into  certain  groupa  which  are 
more  convenient  for  further  analysis. 

We  have: 


(5-3) 


(5-4) 


Criterion  (5-3)  describes  the  interaction  of  buoyancy  (the 
Archimedes  force)  in  the  two-phase  layer  with  viscous  friction  in  the 
heavy  phase  and  surface  tension. 

j  criterion  (5-4)  describes  the  relationship  between  the  reference 
velocity  of  the  light  phase  and  the  limit  relative  velocity  of  single 
bubbles;  this  is  disclosed  by  comparing  (5-4)  with  (2-11). 

Consequently,  Relation  (5-2)  is  equivalent  to  the  relation 


I 
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The  latter  expression  Is  convenient  because  the  nunber  of  cri¬ 
teria  containing  the  basic  linear  dimension  of  the  system  1,  and  the 
phase  velocities  w£  and  w£,  is  minimized. 

It  follows  from  what  was  said  above  on  the  physical  meaning  of 
Criterion  (5-4)  that  the  functional  Relation  (5-5)  must  be  particu¬ 
larly  convenient  for  those  regimes  in  which  the  light  phase  moves  in 
the  form  of  discrete  bubbles  or  their  associations. 

In  the  second  limiting  regime  for  the  motion  of  a  two-phase 
flow,  the  shells  of  the  individual  bubbles  are  destroyed,  the  motion 
of  the  light  phase  takes  on  the  character  of  a  Jet,  and  the  inter¬ 
action  of  the  phases  is  to  a  considerable  extent  determined  by  in¬ 
ertial  forces.  Naturally,  we  should  take  the  quantities  0  w  q  and 
as  the  scales  for  these  inertial  forces. 

In  this  case,  it  is  expedient  to  use  a  notation  of  the  criteria 

somewhat  different  from  (5-5) »  namely: 


(5-6) 


The  criterion 


describes  the  relation  between  the  kinetic  energy  of  the  light  phase, 
the  surface  energy  on  the  phase  boundary,  and  the  gravitational  field 
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The  physical  importance  of  writing  the  criteria  of  the  type  in 
(5-6)  becomes  clear  if  we  consider  in  greater  detail  those  processes 
in  which  the  dynamic  head  of  the  phase  is  most  important .  Such,  for 
example,  is  the  process  of  discharge  examined  above  in  Chapter  4, 
where  the  group  (5-7)  stands  out  as  the  basic  quantitative  criterion 
of  the  process.  The  cere  pattern  of  two-phase  flow  in  a  round  tube, 
examined  below  in  Chapter  6,  is  also  such  a  regime. 

In  the  case  of  a  bubbler  in  a  stagnant  heavy  phase,  the 

Wt 

criterion  -1$- drops  out  of  the  systems  (5-2),  (5-5),  and  (5-6). 

-0 

The  geometric  features  of  such  a  layer  are:  the  effective  cross 
section  ^  of  the  perforated  plate  or  of  the  nozzles,  the  average 
depth  h»  of  the  layer  of  the  heavy  phase  and  the  diameter  the 

nozzle  orifices. 

The  volumetric  fraction  of  the  light  phase  in  the  layer  is  re¬ 
lated  to  the  velocities  by  Pormula  (1-12).  At  w^  *  0,  It  follows 
from  (1-12)  and  (1-13)  that: 


i_  £=£..>. 

f  % 


(5-9) 


The  depth  of  the  dynamic  layer  ("swelling")  is 

*•  “rr;-  (5-io) 

The  average  depth  of  the  heavy  phase  may  be  determined  as  the 
ratio  of  the  volume  V'  occupied  by  that  phase  in  the  dynamic  layer 
to  the  cross-sectional  area  of  the  bubbler.  When  there  is  no 
loss  of  the  heavy  phase  through  the  orifices  of  the  nozzles  (or  of 

I 
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the  perforated  plate),  and  no  bubbling,  the  quantity  h'  is  equal 
to  the  thickness  of  the  layer  of  the  heavy  phase. 

It  appears  from  the  ratios  given  above  that  any  of  the  following 
quantities  may  be  chosen  as  the  determinable  dimensionless  character¬ 
istic  of  the  layer: 


3 - 3 .  Structure  of  a  Two-Phase  Dynamic  Layer 

The  structure  of  a  two-phase  dynamic  layer-  depends  on  the 
physical  properties  of  both  the  fluid  surrounding  the  bubbles  and 
the  fluid  within  the  bubbles,  on  the  geometric  dimensions  of  the 
bubbler,  and  on  the  bubbling  rate. 

The  results  of  one  of  a  series  of  experiments  by  S.  S.  Kuta- 
deladze  and  V.  N.  Mookvlcheva  on  water  bubbling  through  a  layer  of 
mercury,  shown  In  Pig.  5-1,  Indicate  how  complicated  the  structural 
changes  of  the  dynamic  layer  can  be. 

Curve  1  corresponds  to  the  regime  of  a  discrete  (drop-wise)  flow 


Figure  5-1.  Variation  in  volumetric  fraction  of  light 
component  In  a  water-mercury  mixture  as  a  function  of 
the  reference  velocity  of  the  water: 

^orifice  “  5  mm;  =  4.5-<;  *'/  r"  -  13.°;  =  335  mm. 
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Figure  5-2.  Function  #(«q) 

for  an  sir-water  mixture  with 
small  dcptha  of  layers. 


of  water  through  a  layer  of  mercury. 
In  the  vicinity  of  k  there  oceurs 
a  sharp  change  in  the  structure  of 
the  layer:  the  mercury  is  frag¬ 
mented  into  separate  (mostly  large) 
drops  suspended  in  the  water 
stream.  The  relative  velocity  of 
the  water  increases,  and  the  water 


fraction  in  the  layer  decreases. 

A  further  increase  in  water  flow  rate  again  increases  the 

swelling  of  the  layer  along  Curve  2. 

in  th.  vicinity  of  B  there  1.  mother  critical  change  due  to 

high  dlsperalon  and  entrainment  of  mercery  from  the  layer  hy  the 


water  stream. 

Upon  reaching  the  vicinity  of  A  once  th.  atructural  change  In 
the  layer  haa  occurred,  If  we  hegln  to  decreaee  the  eater  flow  rate 


the  layer  thickness  will  no  longer 
decrease  along  Curve  1,  but  rather 
along  Curve  3,  i.e.,  the  stability 
of  the  discrete  structure  of  the 
mercury  in  the  layer  is  preserved. 

Similarily,  aftex*  the  struc¬ 
tural  change  has  occurred  in  the 
vicinity  of  B,  if  we  reduce  the 


Figure  5-3.  Distribution  of 
volumetric  fraction  of  steam 
as  a  function  of  the  depth 
of  the  layer  of  the  water- 

steam 

1)  gravimetric  level  --0  mm; 

'o'  gravimetric  level  170  nun» 

'3'.  gravimetric  level  120  mm; 

4  (gravimetric  level  JO  mm. 


water  flow  rate,  the  layer  thick¬ 
ness  decreased  along  Curve  4. 
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Structural  variations  are  likewise  observed  when  a  gas  Is 
bubbled  through  a  liquid,  which  Is  Indicated  by  the  data  of  M.  Ye. 
Pozln  and  Ye.  S.  Tumarklna  (shown  in  Pig.  5-2)  on  the  variation  of 


Fig -..re  5-4.  Distribution  of 
volumetric  density  as  a 
function  of  the  depth  of  the 
layer  of  water-mercury  mix¬ 
ture.  9orifice  =  5  am; 

*1  -  33*;  -  13.6; 

I  h'  =  404  mm;  (1)  w£  =  0; 

(2)  Wq  =  0.023  m/'secj 

(3)  Wq  =  0.0325  m/sec; 

(4)  Wq  ■  0.0410  m/aec; 

(5)  Wq  -  0.0470  m/sec; 

(6)  w£  =  0.0660  m/sec. 


the  depth  of  the  layer  when  water 
is  bubbled  through  a  20#  tri¬ 
ethanolamine  solution. 

The  density  of  the  mixture 
also  varies  as  a  function  of  the 
depth  of  the  layer.  Measurements 
of  true  density  In  various  cross 
sections  of  the  two-phase  layer 
were  carried  out  by  the  authors  and 
their  collaborators  (Ya.  0.  Vinokur 
,Ye.  Z.  Mlropol'skiy,  V.  N. 
Moskvlcheva,  and  others)  by  the 
method  of  gamma-ray  examination 
(see  Chapter  10). 

The  experimental  data  given 
In  Figs.  5-3,  5-4,  and  5-5  show 
that  the  character  of  phase  dis¬ 
tribution  as  a  function  of  the 
depth  of  the  layer  is  generally  the 
same  in  both  a  gas -liquid  system 


and  a  liquid-liquid  system.  In 

the  great  bulk  of  the  layer,  the  density  Is  practically  constant. 
Some  density  Increase  Is  observed  In  the  vicinity  of  the  discharge 
of  the  light  phase  from  the  dispersing  orifices.  In  the  upper  part 
of  the  layer  we  note  a  decrease  in  the  density  of  the  mixture,  while 
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In  the  vicinity  of  low  w^  and  correspondingly  low  values  of  w  the 
transition  region  is  small  for  the  bulk  of  the  layer  (20  to  30  mm). 

At  high  reference  velocities  of 
the  light  phase,  the  transition 
zone  is  greatly  extended  upwards 
and  reaches  400  to  500  mm  for  a 
steam-water  system  with  wj  •  1  to 
1.5  m/sec  and  *  -  0.6  to  0.7. 

Figures  5-6  and  5-7  show  a 
comparison  of  values  of  *  deter¬ 
mined  by  the  method  of  gamma -ray 
examination  in  the  diametrical 
plane  of  the  column  and  by  the 
measurement  of  the  discrepancy 
between  the  ti*ue  and  gravimetric 
levels  of  the  mixture.  The  first 
method  gives  the  actual  value  of 
*  in  the  path  of  the  gamma  ray. 

By  the  second  method  a  certain 
effective  value  is  calculated 
for  the  entire  cross  section  of 
the  bubbler. 

In  the  region  of  low  values  of  # ,  where  accuracy  of  measurement 
is  not  great  (particularly  by  the  method  of  discrepancy  in  levels), 
the  discrepancies  between  the  measurements  given  by  the  two  methods 
are  inconsistent.  In  cases  where  w  is  more  significant,  this  quanti¬ 
ty,  as  given  by  gamna-ray  examination  is  10  to  15^  more  stable  than 
the  quantities  obtained  from  the  discrepancy  in  levels.  Further  ex- 


Figure  5-5.  Distribution  of 
volume  density  as  a  function 
of  the  depth  of  the  layer  of 
water-CCljj  mixture. 

“orifice  *  5  *1  ’  “-S*' 

— X-  -  1.61;  h*  -  404  mm;  (1) 
w£  *  O;  (2)  Wg  *»  0.0146  m/sec; 
(3)  Wg  =  0.0223. m/sec;  (4) 
w£  -  0.0287  m/sec;  (5) 

Wg  -  0.0395  m/sec. 
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periraents  by  M.  A.  Styrikovich,  Ya.  0.  Vinokur,  L.  S.  Ste,-man  and 
B.  A.  Dement*  ev  indicated  that  even  in  large  diameters  (200  to 
250  mm)  columns  with  local  values  of  e  in  the  center  of  the  bubbler 


Figure  5-6.  Comparison  of  values  of  **’  obtained  by 
different  methods.  Steam-water  system,  p  =  17  atm. 
abs.;  (1)  from  discrepancy  of  physical  and  gravi¬ 
metric  level  of  mixture;  (2)  gr-.mii’a-ray  examination 

are  appreciably  higher  than  in  the  periphery.  Therefore,  in  deter¬ 
mining  ¥  it  is  necessary  to  carry  out  radioscopy  in  a  series  of 
cross  sections,  averaging  them  afterward.  Such  measurements  showed 
that  the  magnitudes  of  * ,  obtained  by  gamma-ray  examination  and 
from  the  discrepancy  between  the  physical  and  gravimetric  levels, 
coincide  with  each  other. 


Figure  5-7.  Comparison  of  values  of  *  ,  obtained 
by  different  methods.  Mercury-water  system:  (1) 
from  discrepancy  between  physical  and  gravimetric 
level  of  mixture?  (2)  gamma-ray  examination. 
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ItWa.  determined  above  that  the  fundamental  geometric  charac- 
terlstlce  of  a  dynamic  layer  whoa,  heavy  phaa.  1.  "tagnant  («4  -  0) 
the  dlametera  D,  of  the  orifice,  dlaper.lng  the  light  phaae; 

their  relative  croa.  aectlon  V  and  the  reference  level  of  the 

^  rtf  n  and  h'  nay  be  formed  by 
heavy  phaae.  The  dlmenalonleaa  value,  of  gj_and  h 

multiplying  theae  quantities  by 

The  extent  of  the  effect  of  the  orifice  diameter  can 

retlcally  evaluated  for  the  case  of  th.  motion  of  noninteracting 

alngle  bubble,  of  light  phaae  „  th„. 

In  a  medium  of  low  viscosity,  the  reiati 

bubbles  is  determined  by  Formula  (2-25)  or  (2-27). 

In  a  regime  corresponding  to  Formula  (2-25),  the  relat  ve 

the  radius  of  the  bubble  R.  Substituting  R 
velocity  y£  depends  on  the  radius 

from  (4-3)  into  (2-25),  we  obtain: 


(5-11) 


»h.a  the  regime  correaponda  to  formula  (MT).  ™  0-ntlty 
w"  does  not  depend  on  R. 

Thua,  we  should  expect  that  orifice  alt.  «1U  *trt™  >' 
affect  the  hydrodynamic  characteristic,  of  a  two-phaa.  layer,  par 

tii  »r»iv  at  sufficiently  high  ratios 


I 
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Figure  5-8.  Relatlon3hlp  between  7  and  w£. 
Mercury-water  system,  h«  =  425  mm;  plate  ^  -  33* 

3e»le3  n  }5o  =  10  mm;  (?)  Se"le3  ii  "  3  Inm 

(5)  aeries  I  Id.  =  5  mm. 

(6)  "  111=0 


Figure  5-9.  *  vs.  «o*  Mercury-water  system, 

plate  Dq  =  5  mm;  h'  ='  155  mm; 

$  ,eJ’es  n}  *i  -  v‘-c*  {Jj  “Eles  -  18.=* 

(=•'  »"le5  !n).j  -  32.3*. 


Neither,  should  the  cross  section  of  the  disperse  device 
under  the.,  condition,  appreciably  Influence  the  structure  of  the 
layer,  .luce  the  bubbles  fill  up  the  entire  bubble  cross  section 

very  rapidly. 
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Certain  experimen  al  data 


Figure  5-10.  Effect  of  ref- 
eren^e  heavy level  n 
on  the  hydrodynamics  of  the 
Byatem.  (1,2,3)  air-water, 

D ,  =  5  mm. 


_2^-  »800;  (4)  water-steam 

(experiments  by  Behringer), 
p  =  2.4  atm.  abs. 


FiKure  5-11.  Effect  of  the 
reference  level  of  the  heavy- 
phase  h1  on  the  hydrodynamics 
of  an  air-water  system. 

'  “  =  1  •  ( 


b,  =  1.3  ram; 

“A 

«  800. 


given  In  ?ig».  5-8  and  5-9  gen¬ 

erally  confirm  these  conclusions. 

The  reference  depth  h'  of  the 

heavy  phase  substantially  affects 

the  hydrodynamics  of  the  layer  at 

h' 

not  very  great  values  of  The 

general  tendency  is  that  when  h' 
is  reduced  the  relative  average 
velocity  w£  of  the  light  phase  is 
also  reduced,  and  the  quantity  5 
is  accordingly  increased. 

Experimental  data  of  K.  A. 
Blinov  and  A.  L.  Rabinovich  given 
in  Pigs.  5-10  and  5-H  show  the 
character  of  this  relationship 
for  a  gas-liquid  system.  The 
data  of  Pig.  5-12  illustrate  the 
same  situation  for  a  liquid- 
liquid  system. 

As  may  be  seen  from  Pigs.  5-10 
through  5-12,  the  influence  of  the 
quantity  h'  is  strongly  manifest 
only  in  layers  of  small  thickness. 
Tf  h'  is  increased,  the  quantity 
7  tends  toward  some  constant  value, 
all  other  conditions  being  equal. 


F-TS-9S14/V 


104 


Figure  5-12.  Effect  of  the  reference  level  of  the  heavy 
phase  on  the  hydrodynamics  of  a  mercury-water  system. 

g0  =  10  mm;  =  37#  =  13.6 

j!)  “r;es  y  h.  -  155  $  "rJ"  „}  5'  -  2“5 

(Ij  ‘"'ea  II }  5’  "  335  [l]  ser;ea  5i}  h'  -  «25  «m. 


Figure  5-13.  Effect  of 
the  diameter  of  the  bubbler 
(tube  in  which  the  bubbling 
takes  plrc  '  i  the  hydro¬ 
dynamics  ot  -  ..ater-steam 
system.  (1)  p  =  2.5  atm. 
abs.;  Wq  =  0.55  m/sec;  (2) 
p  =  4.0  atm.  abs.,  Wq  =  0.42 
m/sec;  (3)  P  =  1.0  atm.  abs., 
Wq  =  0.3  m/sec. 


Figure  5-14.  Effect  of  the 
diameter  of  the  bubbler  on 


the  hydrodynamics  -t 
steam  system.,  (1) 
abs.,  2bub  55  b2  OTn* 


P  = 


uater- 
lS  atm. 


-~r  «10  (experiments  by- 

Behringer);  (2)  p  -  17  atm. 
abs.,  =  23S“mm, 

-nr  c^lO  (experiments  by 

Sterman) . 
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Tl«  Influence  of  the  diameter  of  the  bubbler  can  be  vlauallted 
by  giaans  of  the  curve.  In  Pig.  5-13,  Plotted  according  to  the  data 
of  B.  A.  Dement* ev  and  Behringer.  A.  »e  can  aee,  a.  the  diameter  of 


Figure  5-15.  5.f  va.  wj  for  a  mercury-water  ay«em. 

D  -  5  mm;  ^  -  33^1  (D  t'  -  425  “»  colu,,,n  J-  D‘ 

100‘  (2}  h*  =  404  mm;  column  100  x  100. 

■  4  f~~y1  J  A 

the  bubbler  (or  more  accurately,  the  group  5bUt>y  0  ^ 

creases,  its  influence  decreases. 

The  limited  nature  of  the  influence  of  is  a*80  confi 

by  comparison  of  the  data  of  Behringer  and  L.  5.  Sternum,  shown  in 
Pig.  5-14 ,  for  bubblers  made  of  tubes  82  and  238  mm  in  diameter. 
Figure  5-15  ahova  analogoua  data  for  a  mercury-water  ayatem. 


s  5  -I— - -  Data  on  the  ml.ti-.Mp  Between  »  and 

5-5  *  - zpy  m  a  Gas-Liquid  System 

0  _ _ _ _ _ 

Th.  above-mentioned  data  on  the  hydrodynamic,  of  a  two-phaae 

d^c  layer  clearly  Indicate  how  compl.m  that  proc.a.  la.  » 
aay  that  until  recently  thla  drcumatanc.  wa.  far  from  being  clear 

to  many  experimenters. 

A.  a  reault,  w.  muat  abate  that  until  recently  the  available 
experimental  material  could  not  be  uaed  a.  a  baal.  for  obtaining 
generalised  relatione,  owing  to  th.  ln.ufflcl.ntly  ay.tematlc 
character  of  Individual  mveatlgatlon.  and  the  aba.no.  of  acme  of 

the  data  necessary  for  comparing  them. 

Bubbling  of  .team  through  a  layer  of  water  1.  of  great  practice 
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importance  in  engineering  (condi¬ 
tions  of  hampered  circulation  in 
steam-generating  tubes,  steam 
scrubbing  by  bubbling*  mixing 
equipment ,  etc . ) . 

Figure  5-1 6  shows  the  rela¬ 
tionship  between  *  and  w£  when 
steam  is  bubbled  through  a  con- 

Figure  5-16.  *  vs.  for  slderable  layer  of  water  (without 

steam  bubbling  tlirough  a 

thick  layer  of  saturated  condensing)  from  Behringer's 

water.  Bubbler  diameter 

82  nm;  hlayer  *  2*500  mm.  experiments. 

In  th.se  experiments,  steam  was  generated  by  electric  heating 

elements  located  in  the  lower  part  of  the  tube.  Pigs.  b-U 

5-14  compared  these  experiments  with  experiments  in  which  the  light 

rhs«  was  fed  through  a  perforated  plate.  *»  can  be  seen,  when  the 


Figure  5-17.  Comparison  of 
the  data  of  Pig.  5-1°  wlth 
data  for  conditions  of 
hampered  circulation  of 
water  in  a  vertical  steam¬ 
generating  tube,  (l)  Tube 
D  -  82  mm,  P  =  11  atm.  abs. 
{experiments  by  Behringer); 
(2)  tube  D  =  76  mm; 
p  =  ll-12"atm.  abs.  (experi¬ 
ments  by  Mochan). 


Figure  5-18.  Effect  of 
pressure  on  w  for  steam 
bubbling  through  a  layer 
of  saturated  water. 


I 
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Figure  5-19.  wj  vs.  w£  and 
p  for  steam  bubbling  through 
a  thick  layer  of  saturated 
water. 


Figure  5-20,  Data  on  steam 
bucbling  through  water  at 
high  pressures. 


ratios  are  the  same,  all  the  data  are  in  good  agreement, 
if" 

Figure  5-17  compares  Behringer's  data  with  S.  I.  Mochan's  data 
for  conditions  of  hampered  circulation  in  a  vertical  steam-generating 
tube.  Here,  also,  the  experimental  points  agree  well. 

Figure  5-18  shows  the  relationship  between  *  and  the  steam 
pressure  from  the  data  in  Pig.  5-16.  The  sharp  change  in  *  in  the 
low-pressure  region  gives  way  to  a  rather  weak  relationship  in  the 
high-pressure  region . 

The  same  data  are  shown  in  Fig.  5-19  on  w£,  w£  coordinates.  The 
average  relative  velocity  of  the  steam  within  the  entire  range  of  w£ 
investigated  is  considerably  higher  than  the  free  ascent  velocities 
of  single  bubbles  and,  for  practical  purposes,  increases  linearly  as 
the  reference  velocity  of  the  steam  increases.  As  pressure  increases, 

decreases. 

Figure  5-20  shows  the  relationship  between# and  w£  for  very  high- 
pressure  steam  from  T.  Kh.  Margulova's  experiments.  Although  these 
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data  do  not  agree  quantitatively  with  Behringer*  a  data  (Margulova's 
curve  for  £  -  91  atm.  aba.  lies  below  Behringer's  curve  for  £  =  40 
a.tm.  aba.),  the  qualitative  picture  remains  the  same. 

Considering  a  sufficiently  thick  dynamic  layer  of  components  of 

low  viscosity,  we  may  disregard  the  criteria  ^  •  f 

and  .  m  juch  a  case,  for  a  bubbler  with  a  sero  flow  rate 

of  the  heavy  phase,  we  obtain  from  (5-5)  *• 


(5-12) 


Since  the  quantity  ¥  increases  with  an 
of  bubbling  w£,  it  follows  from  (5-1*)  that 


increase  in  the  velocity 
^  decrease?  little  with 


«,  Increase  In  the  surface  tension  .  .  The  experiments  by  M.  Ye. 
Pozin  and  Ye.  S.  Tumarklna  shown  In  Pic.  5-21,  qualitatively  confirm 

this  conclusion. 


»s  may  be  seen  from  Pic.  5-22,  the  experiment,  carried  out  by 
the  same  authors  also  reveal  a  weak  Influence  of  the  vlacoal-.y  of  the 
heavy  phase  on  *  .  However,  we  should  keep  In  mind  that  In  these 
experiments  the  quantities  .  and  „•  were  varied  by  Introduolnc 


admixtures. 

Pigure  5-23  gives  the  results  of  the  processing  of  Behringer's 
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experiments  on  the  coordinates  of 
Relation  (5»2li- 

The  experimental  points  are 
satisfactorily  correlated  by  a 
single  curve.  The  above-mentioned 
experimental  data  of  S.  I«  Meehan 
and  L.  S.  Sterman  fall  on  the  same 
curve . 

In  Fig.  5-24  the  results  of 
the  experiments  of  T.  Kh.  Margulova 


on  the  generalized  coordinates  are  pl< 

of  (5-1?) -  (1)  E  "  atr*  .. 

abs.;  (2)  P  -  2.4  atm.  abs.j  coordx 

(3)  E  -  4  atm.  abs.j  (4)  p  - 
-  11  atm.  abs.j  (5)  P  *  38 
atm.  abs.j  (6)  £  ■  4o  atm. 
abs. 


Pigure  5-23.  Data  in  Fig. 

5-1^  on  the  bubbling  of 
■team  through  a  thick  layer 

of  saturated  water,  plotted  avatem  of 

on  the  generalized  coordinates  are  plotted  on  the  saim.  system  oi 

-  #.  .  1  \  _  _  1  A7  of w 

inates. 

With  a  spread  r.oz  «. weeding 
+  5^,  all  points  in  the  given  case 
also  fall  around  a  single  curve. 
However,  as  already  mentioned  above,  Margulova «s  data  lie  somewhat 
lower  than  the  equivalent  data  of  other  authors. 

The  data  of  Fig.  5-23  are  represented  in  Fig.  5-25  on  a  logarith¬ 
mic  system  of  coordinates.  The  straight  line  drawn  through  the  ex¬ 
perimental  points  fits  the  equation. 


(5-13) 
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Figure  5-24.  Data  of  Fig. 

5-20  on  the  coordinates  of 
(5-12).  (1)  p  =  91  atm. 

a'oa.;  (2)  p  ="150  atm.  abs.; 

(3)  P  =  19o  atm.  abs. 

A  formula  of  this  type  is  used  only  with  values  of  0  rather 

different  from  unity  ( 0  £  0.7),  since  as 


Figure  5-25*  Data  of  Fig. 
5-23  in  a  logarithmic  system 
of  coordinates.  Slope  of 
the  straight  line  n=  0.68. 


the  value  0  — *■  1. 


5-6.  Effect  of  Admixtures  on  the  Dynamic  Layer 
in  a  Qas-Llquld  System 

Very  few  investigations  have  been  made  into  the  case  of  a 
"foaming"  liquid  in  which  the  density  distribu;ion  varies  as  a  func¬ 
tion  of  depth:  however,  the  available  data  indicate  a  very  great  in¬ 
fluence  of  an  increased  bubble-shell  stability  on  the  operation  01 
the  dynamic  two-phase  layer. 

In  experiments  conducted  by  M.  A.  Styrikovich  and  Q.  0.  BartolomS 
with  a  steam-water  system  at  atmospheric  pressure,  the  measurements 
were  c.arrled  out  with  "technically  pure"  water,  as  well  as  with  the 
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Figure  5-26.  Effect  of  salt 
fraction  In  water  on  the 
density  of  the  mixture  for 
steam  bubbling  at  atmospheric 
pressure,  h'  =  120  mm, 
w£  -  0.32  m7sec. 


Figure  5-27.  Effect  of  fraction 
of  salt  in  water  on  the  density 
of  the  mixture  for  steam 
bubbling  at  atmospheric  pressure, 
h*  -  120  mmj  (1)  Wq  -  0.32 

m/Vc,  Rs  -  1,150  m3/m3-hour; 

(2)  w£  -"0.64  m/sec,  Rs  -  2,300 

m3/m3-hour;  (3)  »'q  «  0785  m/sec, 

r  =  3,060  a3/m3-houTv 

“  J 


Introduction  of  adnlxuo-..  to  .tablllx.  the  bubble  •Mils. 

With  "  technically  pure"  water,  the  amount  of  .welling  con.1. 


Figure  5-28.  Distribution 
of  the  local  volumetric 
steam  fractions  wit1'  con- 
stant  loads  column  heigh 
plotted  against  the  sal  t 
fraction  in  the  boiler 
water. 


tently  increased  with  increase 
in  the  reference  steam  velocity 
(Fig.  5-26).  As  shell  stability 
increased,  the  amount  of  swelling 
Increased  over  the  whole  range 
of  the  investigated  reference 
steam  velocities  (from  0.25  to 
0.85  m/sec).  These  variations 
are  comparatively  small  at  a  high 
reference  steam  velocity  and  in¬ 
crease  considerably  at  low  bubbling 
rates.  As  a  result,  when  shell 
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stability  is  maximum,  swelling  increases  as  the  reference  steam 
velocity  declines  (Fig.  5-27). 

n 

With  still  lower  steam  flow  rates  (wq  <  0,1  m/sec),  a  stable 
layer  of  very  light  film-cellular  foam  formed  on  the  surface  of  the 
layer,  filling  the  whole  space,  which  in  a  number  of  experiments  was 

700  to  800  mm  high. 

The  pattern  of  density  distribution  in  the  mixture  as  a  function 
of  the  depth  of  the  dynamic  two-phase  layer  also  varies  considerably. 
When  "technically  pure"  water  was  used,  the  portion  of  the  cross 
section  occupied  by  steam  had  become  stabilized  at  a  distance  of  20 
to  30  mm  above  the  perforated  plate.  This  ties  in  well  with  the 
notion  of  the  bubble  rapidly  attaining  its  equllbrium  velocity. 

Later  on,  *  varied  extremely  little  according  to  the  depth  of 
the  layer,  and  only  at  the  surface  was  there  observed  a  somewhat  ill- 
defined  transition  from  the  two-phase  layer  to  steam. 

We  should  point  out  that  this  ill-defined  region  increased  with 
an  increase  in  w_^,  and  that  its  depth  tied  in  well  with  the  visually 
observed  region  or  agitation  on  the  surface  of  the  two-phase  layer. 

With  an  increased  stability  of  the  films,  the  pattern  was  qual¬ 
itatively  similar  in  the  lower  part  of  the  bubbling  layer.  However, 
the  absolute  magnitude  of  *  was  in  this  case  considerably  greater, 

1  e.,  the  relative  velocity  of  the  steam  was  considerably  lower, 
evidently  owing  to  the  smaller  bubble  size  (this  Is  precisely  what 
was  observed  visually).  In  this  region,  as  with  "pure"  water  also, 

m 

1  increased  with  an  Increase  In  Wq. 

In  the  upper  part  of  the  layer,  the  bubbles  emerging  on  the 

surface  burst  slowly.  As  a  result  of  this,  a  layer  highly  enriched 
with  bubbles,  and  which  only  gradually  released  the  water,  aggregated 
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near  the  surface.  In  the  region  of  the  visible  level,  on  whose  sur¬ 
face  the  agitation  was  considerably  less  than  with  technically  pure 
water,  the  average  fraction  of  steam  was  as  high  as  95  to  9$^  (PiS* 
5-28)  and  declined  almost  linearly  at  deeper  levels  in  the  layer. 

The  developed  region  of  "retarded"  bubble  motion  extended  to  a 
great  depth  (down  to  300  mm  from  the  visible  surface  of  the  layer) 
and  almost  reached  the  perforated  plate  when  the  layer  thickness  was 

small. 

n-7.  Experimental  Data  on  the  Relationship  Between 
1  and  Wq  in  a  Liquid-Liquid  System 

The  bubbling  of  a  liquid  through  a  liquid  was  never  investigated 
until  recently.  A  series  of  systematic  data  on  this  matter  nas  been 
obtained  only  in  the  last  few  years.  We  will  discuss  here  only  some 

general  Information  on  this  process. 

As  we  can  see  by  comparing  Pigs.  5-1  and  5-16  **°r  water  bubbling 
through  a  stagnant  layer  of  mercury,  a  considerably  more  complex  re¬ 
lationship  between  the  density  of  the  dynamic  layer  and  the  reference 
velocity  of  the  light  phase  applies  than  for  steam  bubbling  through 
a  stagnant  layer  of  water. 

However,  we  must  keep  in  mind  that  the  liquid-gas  system  has  not 
yet  been  investigated  in  sufficient  detail  either;  and,  <*or  example, 
the  experiments  shown  in  Pig.  5-2  also  reveal  that  the  function 
*  (Wq)  I*  nonmonotonic. 

Besides,  the  admixtures  of  surface-active  substances  may  affec- 

the  liquid-liquid  system  as  well. 

Qualitatively,  the  influence  of  a  number  of  factors  on  the 
hydrodynamics  of  a  two-phase  layer  is  the  same  for  a  liquid-liquid 
system  as  for  a  gas-liquid  system. 
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Figure  5-29.  »  vs.  w£  Plate  DQ  =  5  mm; 

¥1  =  24. 6£;  h'  =  335  mm;  (1)  -p-  =>  13.6; 

(2)  -II  =1.61. 

Comparison  of  data  in  Figs.  5-10  to  5-12  shows  that  in  all 
cases  with  low  reference  levels  h'  of  the  heavy  phase,  "swelling  of 
the  layer  is  greater  than  at  high  values  of  h'.. 

The  influence  of  the  other  geometries11  factors  D1  and  ^  is 

cases.  However,  an  inconsistency 
in  the  values  of  <9  on  the  gener¬ 
alized  coordinates  of  (5-12)  is 
revealed. 

Figure  5-29  shows  the  rela¬ 
tions  *(wq)  for  a  carbon  tetra¬ 
chloride-water  system  and  r 
mercury-water  system  with  iden¬ 
tical  absolute  geometrical  para¬ 
meters  of  the  layer. 

The  same  data  are  plotted  in 
Fig.  5-30  on  the  coordinates  of 
(5-12).  The  experimental  points 
generally  agree,  but  the  curve  is 


also  qualitatively  the  3ane  in  all 


Figure  5-  0 .  *  vs .  w£  |/  llzJ- 
Plate  Dq  =  5  n«a;  ^  =  24. 
h«  =  335  mm:  (1)  -  13.6; 

(2)  =  1.61. 
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different  In  character  fro.  the  corre.pondlng  curve  for  a  «*•»- 
eater  mixture  shown  In  Pig.  5-23  _  coln'ia*  OTl'  wlthl" 

the 


ater  mixture  -  -  _ 

he  range  of  -11  values  of -S  yf&-  «  <>.»>.  «- 

rhnge  of  values  of  ej  >  0.1.  the  curve  In  Pig.  5-30 

gins  to  rise  sharply,  as  compared  to  the  curve  in  Pig.  5-23. 

Th,  available  experimental  data  are  thua  far  still  Insufficient 
for  a  reliable  analysis  of  the  causes  of  that  deviation. 


5-8.  ftvnamlc  Layer  with  Crossflow  of  .Phases 

„  n1.  a  atia  or  varor  being  scrubbed  by 
Figure  5~31  show3  a  diagram  of  a  g 

bubbling  through  a  stream  of 
—  liquid.  The  gas  is  fed  under  the 

perforated  plate  along  which  a 
relatively  thin  layer  of  liquid 
flows. 

An  experimental  investigation 
of  such  a  system  was  carried  out 
by  A.  P.  Turov skiy  by  bubbling 


TmTtTmTTi 

V«j«'r  *■ 


Figure  5-31.  Diagram  of  a 
gas  or  vapor  scrubbed  by 
bubbling  through  a  stream 
of  liquid. 


air  at  atmospheric  pressure  th.  'Ugh  water. 

Th.  d„pth  of  the  dynamic  layer  In  the  given  case  depend,  on  the 

,  .  /r.  „  \  the  height  of  the  over¬ 

geometry  of  the  perforated  plate  (Px»  *1'* 

flow  weir  h  1r,  and  the  liquid  and  gas  flow  rates. 

At  a  given  liquid  flow  rate,  the  dynamic  layer  "swells”  with  an 

Increase  In  gae  floe  rat.  only  up  to  a  definite  magnitude,  further 

"swelling"  ceases  ee  pert  cf  the  llguld  layer  floe,  over  the  weir. 

la  reflected  in  the  experimental  data  shown  in  Pig. 
This  phenomenon  13  reflec 

5-32. 
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The  density  of  the  layer 
varies  continuously  with  an  in¬ 
crease  in  Wq  (Pig.  5-^3).  In  this 
case,  as  in  the  case  of  a  layer 
with  a  stagnant  heavy  phase,  the 
influence  of  the  geometric  factors 
and  is  weak. 

In  very  thin  layers  (5  to  10 
mm)  at  small  w£,  spherical  caps 
of  hubbies  are  formed  above  each 
orifice,  and,  at  high  gas  veloc¬ 
ities,  craters  are  form'd  above 
the  orifices. 


Figure  5-33.  Variation  in  specific  gravity  of  the  air 
water  mixture,  as  a  function  of  the  reference  velocity 
of  the  air.  _  •a,  .  . 

hwelr  a  52  P""  water  flow  rate  10. 5  mr/m  •  hr;  (1) 

Dq  -  5  mm,  17*;  (2)  pQ  =>  10  mm,  -  4.36*; 

(3)  Dq  =»  5  mm,  =  2.2*;  (4)  DQ  =  5  mm,  -  4*; 

(5)  Dq  =  10  mm,  =  17*. 
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Figure  5-32.  Variation  in  the 
depth  of  a  two-phase  layer  as 
a  function  of  the  average  air 
velocity  in  the  orifices  of 
the  perforated  plate.  Weir 
height  hwelr  =  52  mm;  liquid 

flow  rate  10.8  mVm  *  hr: 

(1)  D0  =  5  mm;  ^  -  2.2*; 

(2)  Dq  =  5  mm;  ^  =  4*;  (3) 

Dq  =  10  mm;  =  4.36*. 
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CHAPTER  SIX 


TWO-PHASE  FLOW  IN  CIRCULAR  TUBES 


'6-1.  General  Information 


In  general,  a  two-phase  flow  In  tubes  Is  determined  by  a  system 
of  dimensionless  parameters  already  discussed  In  the  previous 
chapters.  The  most  important  parameters  are: 

(a)  the  true  relative  volumetric  fr  iction  of  light  phase  ¥  ; 

-o 

(b)  the  volumetric  flow  fraction  of  the  light  phase  fi  =  m  ~ 

-ft  +  Bn 


W 


or  the  ratio  of  velocities  5t» 

SO 

(c)  the  relative  density  of  the  phases 


(d)  the  criterion 


sT; 


(e)  the  criterion  f-  yny.  2 


In  a  two-phase  flow,  the  total  pressure  drop  along  the  tube  Is, 
as  usual,  the  sum  of: 

(a)  head  losses  due  to  friction  and  local  resistances; 

(b)  hydrostatic  pressure  of  the  column  of  mixture; 

(c)  energy  losses  due  to  acceleration  of  the  flow  (either  owing 
to  the  expansion  of  the  gaseous  component  or  to  vaporisation 
In  the  case  of  the  flow  of  a  vapor-liquid  mixture). 

In  flow  in  horizontal  or  inclined  tubes,  the  heavy  phase,  under 
the  action  of  gravity,  tends  to  transfer  to  the  lower  part  of  the 


I 
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tube.  This  phenomenon  causes  an  asymmetry  in  the  flow  oi  mixture  an 
impairs  th.  heat  loss  in  the  upper  half  of  the  tuh.  -hen  it  1. 
slightly  wetted  by  the  liquid  phase.  In  flow  in  a  vertical  tube, 
there  may  be  reverse  current,  (also  due  to  gravity)  in  th.  liquid 
ring  that  usually  Torn,  near  th.  tub.  wall.  Th.  degree  to  which 
these  effects  appear  depends  in  the  first  place  on  th.  ratio  between 
th,  kinetic  energy^  the  stream,  and  gravity,  i.e..  is  characterised 

-  ««  «*-her  criteria  derived  from  it. 

by  the  parameter  -y  or  o.her  cn.er 

„,e  parameter  — ^  and  th.  wettability  of  th.  tub.  wall, 
substantially  influence  the  structure  of  the  edrture  (i.e.,  the 
dimensions  of  the  discrete  phase  elements,  bubbles,  drops,  films). 
This  latter  influence  is  very  strong. 


Figure  6-1.  Photographs^  ^^^^“STSSn 
tllfl ith  gradually  increasing  fractions  of  steam. 

When  the  liquid  wets  the  tube  wall,  the  gas  tends  to  mo.e  -n  -he 
center  of  the  stream.,  and  the  great  bul*  of  the  liquid  component  con- 

,  .he  >ube  walls,  m  this  case,  at  small  values  of  /», 
centrates  arouna  the  .ube 

.  in  ‘he  <*<rr  of  separate  bubbles,  small  at  the  beginn 
the  gas  moves  in  .he  -on.. 
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and  later  larger  as  the  relative  gas  flow  rate  increases.  At  low 
pressures,  the  so-called  "slug"  notion  in  this  case  arises  when  huge 
gas  bubbles,  which  at  times  occupy  the  entire  cross  section  of 
the  tube  and  may  be  from  several  tens  of  centimeters  up  to  meters 
long,  burst  in  the  liquid  stream.  Each  such  "slug"  is  followed  by 

a  series  of  relatively  small  bubbles. 

At  the  same  time  the  bulk  of  the  liquid  is  pressed  more  and  more 
strongly  against  the  tube  walls,  and  finally  a  continuous  stream  of 
a  true  gas-liquid  emulsion  is  formed  in  the  center  of  the  tube, 
which,  as  observed  through  a  glass  wail,  often  seems  to  occupy  the 

whole  cross  section  of  the  tube. 

Further  increase  in  gas  flow  rate  leads  to  the  disappearance  of 

the  emulsion  and  to  a  central  motion  of  the  gas  Jet  with  a  portion 
of  the  liquid  component  dispersed  in  it.  A  considerable  portion  of 
the  liquid  in  this  case  moves  along  the  tube  wall  in  the  form  of  a 
well-defined  annular  film. 

In  the  case  of  a  liquid  that  does  not  wet  the  tube  walls  (such 
as  mercury  in  a  steel  or  glass  tube),  the  pattern  of  motion  is  re¬ 
versed—  l.e.,  gas  bubbles  break  up  between  the  tube  wall  and  the 
liquid  stream,  finally  forming  a  more-or-less  well-defined  tubular 
layer  of  gas  in  whose  center  moves  the  strongly  pulsating  liquid  Jet. 

A  further  increase  in  relative  gas  flow  rate  results  in  a  com¬ 
plete  dispersion  of  the  liquid  phase.  At  a  considerable  relative 
density  of  the  gas  and  with  little  surface  tension  (which  is  the 

case,  for  example,  with  the  motion  of  a  vapor-water  mixture  at  high 
pressure),  the  main  type  of  flow  of  the  mixture  is  an  emulsion  regime. 

As  we  already  mentioned,  in  the  case  of  the  motion  of  a  gas- 
liquid  mixture  in  a  horizontal  or  slightly  inclined  tube  with  small 
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fractions  of  gas,  wo  observe  a  well-defined  a.ymetry  In  th.  flow 
velocities  affecting  the  distribution  of  the  exponents  along  the 
cross  section  of  the  stream.  Th.  liquid  component,  under  th.  In¬ 
fluence  of  gravity,  concentrates  mainly  In  the  lower  part  of  the  tube. 
».  a  result  of  this,  wetting  of  th.  upper  part  of  th.  tub.  Is  Im¬ 
paired  and  sometimes  even  becomes  periodical. 


Figure  6-2.  Fhotograph  of 
the  motion  of  a  vapor- 
mercury  mixture  in  a  tube. 
Dark  spots:  liquid  mercury; 
liehfc  soots:  mercury  vapor. 


fieure  6-3.  Various  forms  of 
lotion  of  a  gas-liquid  mixture 
Ln  tubes.  The  flow  rates  of 
;he  mixtures  are  the  same; 

[1)  vertical  tube:  (2)  horl- 
sontal  tube;  (3-6)  motion  in 
i  horizontal  tube  at  various 
velocities  of  the  mixture. 


Figures  6-1,  6-S,  and  6-3  show  photographs  of  various  flow 
regimes  for  a  gas-llquld  mixture,  from  data  obtained  at  the  TsKTI 
/central  Scientific  Research  Institute  for  Boilers  and  ^blns.y  and 
EHIM  ^institute  of  Power  engineering  (1m.  0.  V..  Krshlzha„ov,kiyi7 
hy  V.  V.  Pomerantsev,  s.  K.  Syrkln,  A.  ».  Loahkln,  S.  1.  Ko.tsrln, 
and  L.  Yu.  Krasyakova.  A  characteristic  feature  of  these  flow 
regimes  Is  the  mobility  of  the  Interface,  In  meet  oases  accompanied 

by  wave  formation. 
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6-2.  Plow  Regimes  In  a  Qas  -Liquid  Mixture  In  StralgjvL_Tubes 

*  As  has  already  been  shown  above,  the  flow  regimes  of  a  gas- 
liquid  mixture  in  tubes  vary  greatly  and  depend  basically  on  the  flow 
velocity,  the  volumetric  fraction  of  gas  in  the  stream,  and  the 
relative  density  of  the  phases.  In  this  section,  we  shall  examine 
in  more  detail  the  flow  regimes  observed  in  mixtures  whose  liquid 
phases  wet  the  tube  wall.  This  investigation  is  based  on  observations 
of  tie  flow  of  air-water  and  steam-water  mixtures,  i.e.,  systems  in 
which  the  liquid  component  has  low  viscosity. 

At  moderate  velocities  of  the  mixture,  the  effect  of  gravity  is 
very  pronounced,  and  the  flow  regime  depends  appreciably  on  the 
slope  of  the  tube  axis  with  reference  to  the  horizontal  plane.  In 
this  case,  even  small  deviations  of  the  tube  from  the  vertical  upset 
the  axial  symmetry  of  the  phase  distribution  in  the  cross  section 

of  the  tube. 

At  small  flow  velocities  in  horizontal  or  slightly  inclined 
tubes,  the  flow  may  become  completely  stratified.  But  at  very  high 
velocities  of  the  mixture,  the  phase  distribution  in  the  cross 
section  approaches  axial-symmetric  distribution,  even  in  horizontal 

tubes . 

Let  us  first  consider  flow  regimes  in  vertical  tubes  at  nigh 
values  of  _JL  (such  as  an  air-water  mixture  at  g«l  atm.  abs.). 

In  vertical  tubes,  with  a  low  velocity  of  the  gas-water  mixture 
and  reduced  gas  content,  the  bubbles  are  relatively  small-from  one 
to  several  millimeters  in  diameter— and  are  almost  uniformly  dis¬ 
tributed  in  the  whole  cross  section  of  the  tube.  Such  a  regime  is 
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called  emulsion  flow. 

With  an  Increase  In  the  fraction  of  gas,  the  bubbles  begin  to 
coalesce  ar.d  finally  occupy  the  whole  central  part  of  the  cross 
section  of  the  tube,  sometimes  attaining  a  length  of  1. m  or  more. 

Such  a  long  bubble  Is  separated  from  the  tube  wall  by  a  thin  layer 
of  water  and  Its  head  has  the  shape  of  an  ellipsoid,  while  the  rear 
part  Is  almost  flatly  truncated,  giving  It  a  resemblance  to  an 
artillery  projectile.  Because  of  this,  such- a  flow  regime  In  the 
mixture  Is  usually  called  a  "slug"  regime. 

A  further  Increase  In  the  fraction  of  gas  results  in  an  increase 
In  the  length  of  the  "slug"  and  the  water  seals  between  the  "slugs" 
become  thinner  and  thinner,  until  finally  the  lndlvldrc1  "c'.".gs" 
coalesce  Into  a  continuous  column  of  gas  ("core”)  surroundet  by  a 
water  ring  ("core"flow  regime).  The  thickness  of  the  water  ring 
depends  on  the  quantity  of  water  flowing  through  the  tube  per  unit 
of  time,  as  well  as  on  gas  flow  rate.  At  a  high  reference  gas  vel¬ 
ocity,  the  gas  stream  sweeps  a  considerable  portion  of  the  water 
from  the  wall  and  entr:  ins  J  t  In  the  form  of  separate  drops .  Some¬ 
times  only  a  very  small  part  of  the  vater  remains  on  the  wall,  moving 
on  It  at  a  velocltj  cons  drably  lower  than  the  average  ga3  velocity. 

At  atmospheric  prcc-*”  v  \  2  800)  a  core  flow  regime  was 

yn 

observed  only  at  very  high  reference  gas  velocities  ('?-20  m/aec)  and 
at  a  relatively  low  water  flow  rate.  The  slug  regime  Is  the  main 
type  of  regime  for  alr-slr  JslcT  *••<!  stesm-wster  mixtures,  ar.d 
embraces  a  wide  variety  o"  flows. 

At  high  gas  densities,  flow  regimes  have  been  Investigated  only 
In  steam-water  mixtures .  With  Increasing  pressure  In  the  steam-water 
mixture,  the  range  of  the  emulsion  flow  regime  Increases  considerably 
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and  the  range  of  slug  flow  regime  decreases  correspondingly.  At  a 
pressure  of  30  atm.  abs.  (  -ll  **60),  the  typical  slug  regime  Is  almost 
absent,  ar.d  at  a  higher  fraction  of  steam  (more  than  80*  by  volume) 
we  observe  only  a  mixed  slug-emulsion  regime.  In  this  case,  the 
tube  is  filled  with  numerous  small  steam  bubbles  through  which  break 
the  remainder  of  the  head3  of  separate  large  bubbles  ("slugs"),  accom¬ 
panied  by  the  bulk  of  the  small  bubbles. 

At  a  pressure  of  the  order  of  100  atm.  abs.  (  JL  “  the  slug 

regime  disappears  completely,  and  with  an  Increase  In  the  steam 
fraction,  the  emulsion  regime  apparently  -urns  directly  Into  a  core 
regime  (at  a  very  hlch  fraction  of  steam— above  9!3*  by  volume,  5..e., 
about  60*  by  weight  at  this  pressure).  In  this  case  we  observe  a  riow 
regime  characterized  by  the  presence  of  a  thin  water  film  on  the 
tube  surface,  and  by  the  entrainment  of  a  considerable  ;:-rt  of  the 

water  by  the  central  steam  Jet. 

Por  steeply  Inclined  tubes  whose  axis  forms  an  angle  of  more 
than  30  to  <Q°  with  the  horizontal  plane,  flow  regimes  have  been 
investigated  very  little,  but  apparently  they  are  very  similar  to  the 
flow  regimes  In  vertical  tubes,  differing  mainly  by  a  certain 
asymmetry  resulting  from  the  fact  that  the  bubbles  are  sneezed 
against  the  upper  generatrix  of  the  tube.  Besides,  as  has  bc^n 
established  by  measurement  of  the  absorption  of  gamma  radiation,  the 
relative  velocity  of  steam  (gas)  In  inclined  tubes  is  higher  than  in 

horizontal  and  vertical  tubes  (  ^'nci  ^  *vert  <C  *horiz^* 

In  slightly  inclined  or  horizontal  tubes  asymmetry  occurs 
particularly  at  very  low  velocities  of  the  mixture.  Nonuniformity  In 
the  distribution  of  steam  and  liquid  In  the  cross  section  of  the  tube 
Is  characteristic  of  all  flow  regimes  for  a  gas-liquid  mixture  In 
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horizontal  tubes.  At  low  flow  velocities,  this  nonur.iform  distribu¬ 
tion  of  steam  and  liquid  in  the  cross  section  of  the  tube  may  go  so 
far  as  to  separate  the  two  phases  completely  (the  so-called  stratified 

or  trough  flow) . 

In  spite  of  the  fact  that  in  horizontal  tubes  the  buoyant  force 
causing  the  bubbles  to  rise  is  perpendicular  to  the  direction  of  the 
main  motion  of  the  stream,  in  almost  all  regimes  tho  relative 
velocity  of  steam  is  high,  i.e.,  the  average  velocity  of  steam  ap¬ 
preciably  exceeds  the  average  velocity  of  water. 

The  only  exception  is  the  stratified  flow  regime  with  a  very 
low  fraction  of  steam,  when  the  steam,  occupying  a  small  part  of  the 
cross  section  in  the  upper  part  of  the  tube,  wets  a  conaiirwia  part 
of  the  tube  perimeter.  Therefore,  the  hydraulic  diameter  of  a  steam 
jet  is  considerably  smaller  than  in  the  case  of  water  jets,  and  the 
velocity  of  the  steam  Jet  is  correspondingly  reduced  and  may  (partic¬ 
ularly  at  high  pressures,  when  the  densities  of  steam  and  water  are 
not  very  different)  even  be  leas  than  the  average  velocity  of  the 

water. 

When  the  velocity  of  the  mixture  in  horizontal  tubes  is  in¬ 
creased,  stratified  flow  turns  into  a  slug  flow  with  a  well-defined 
asymmetry  (the  liquid  ring  is  thicker  in  the  lower  part  of  the  tube). 
With  a  further  increase  in  the  velocity  of  the  mixture  if. i  with 
moderate  gas  fractions,  the  "slugs"  begin  to  break  up  and  the  flow 
approaches  an  emulsion  regime,  also  characterized  by  a  considerable 
nonuniformity  in  the  phase  distribution  according  to  the  depth  of 
the  cross  section. 
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When  the  gas  fraction  is  large,  there  Is  an  increase  in  the 
range  of  mixture  velocities  at  which  a  stratified  regime  is  observed, 
and  at  very  high  values  of  >  0.9  to  0.95)  when  there  is  an  in¬ 
crease  in  the  mixture  velocity,  the  stratified  flow  turns  directly 
into  a  core  flow. 


Plgure  6— Plow  regimes  In  an  air-water  mixture  at 
atmospheric  pressure  in  horizontal  round  tubes. 

(1)  Divided  flow;  (2)  smooth  plug  flow;  (3)  plug  flow 
with  foaming  behind  bubble;  (4)  plug  flow  with 
foaming  along  the  entire  boundary;  (5)  s'erdy  flow  in 
form  of  emulsion;  (6)  annular  flow. 
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n,18  is  well  marked  In  Fig-  6-b,  which  shows  the  infln-nce  of 

the  velocity  of  the  mixture  (w^  ■»,*  »0)  and  °r  *  °n  th'  n°'' 
regime,  as  visually  observed  at  the  ENIN  institute  of  Power  Engine¬ 
ering  (im.  0.  M.  Krzhizhanovskiyl^  (Kosterln.  Teletov) .  The  increase 
U,  the  tube  diameter  results  in  a  change  in  th.  values  of  w„  at 
which  transition  from  stratified  flow  to  slug  flow  is  observed  tat 

low  *  ,  w.m.er  *  °-2  r°r  *  °f  5  ‘  *  and  al”°3t  '  VSeC 

for  a  tube  of  D  =  100  iron)  • 

go  d-rect  observations  of  flow  regimes  in  horizontal  tubes 
have  been  made  at  increased  pressures,  and  under  such  conditions 
we  can  visualize  the  flow  regimes  only  through  data  obtained  from 
investigations  on  the  heat  transfer  from  tube  walls  to  steam-water 
mixtures.  Such  experiments  were  carried  out  at  pressures  of  1  atm 
abs.  (  ~rr  « l/'jO)  and  up  to  220  atm.  abs.  (  ln  stea"  1 

mixtures. 

It  has  been  established  that  at  low  pressures  (close  to  1  a  m. 
Sbs.)  sudden  variations  in  the  rate  of  heat  transfer  were  observed 
in  the  vicinity  of  a  slug  regime,  with  periods  equal  to  the  period 
of  passage  of  the  "slugs",  at  the  same  time  fluctuations  in  pressure 

hrop  were  also  observed.  At  higher  pressures  (20  to  220  atm.  abs.) 

s.  nf  the  wall  temperature  were  noticed,  ie  may 

no  periodic  fluctuations  of  the  wan  t  v 

therefore  assume  that  in  horizontal  tube,  a  pressure  rice  in  the 
steam-water  mixture  will  lead  to  the  disappearance  of  the  "slug 
regime .  With  an  Increase  in  mixture  velocity  at  high  pressures, 
stratified  regime  turns  directly  into  emulsion  regime,  and  afterw-r 
into  a  core  regime.  This  is  also  confirmed  by  the  character  of  salt 
deposits  on  the  surface  of  the  heated  tubes. 
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Quantitative  data  on  the  distribution  of  both  phases  In  the 
cross  section  of  the  tube  at  the  various  flow  regimes  in  a  gas-liquid 
mixture  are  meager,  and  such  data  cover,  as  a  rule,  only  air-water 
mixtures  at  room  temperature  and  atmospheric  pressure. 

Figure  6-5  shows  the  distribution  of  both  phases  according  to 
the  depth  of  the  cross  section  of  the  tube,  as  obtained  by  A.  A. 
Armand  by  means  of  a  special  device  consisting  of  a  knife  which  can 
be  shifted  up  and  down  and  which  cuts  the  stream  into  two  parts 
directed  into  two  different  separators.  Thus,  it  was  possible  to 
measure  the  fraction  of  air  and  water  both  in  the  upper  and  in  the 
lower  part  of  the  tube  cross  section. 


Figure  6-5.  Phase  distribution  Ir.  the  flow  of  an  air- 
water  mixture  at  atmospheric  pressure  ir.  a  horizontal 
tube  of  D  =  26  ram.  Experiment  No.  1:  O'  =  4,200  kg/hr, 
Q"  =  22.2  kg/^ir;  experiment  No.  2:  O'  ■  4,200  kg/hr, 

Q"  »  6.0  kg/hr;  experiment  No.  3:  Q'  =  4,200  kg/hr, 

6"  =  4.56  kg/hr;  experiment  No.  4:  O'  =  4,200  kg/hr, 

0"  =0.33  kg/hr. 


1 
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In  Pig.  6-5,  the  height  from  the  lower  generatrix  of  a  tube  with 
an  inside  diameter  of  26  mm  is  laid  off  on  the  ordinate,  and  the 
ratios  of  the  local  values  of  the  velocity  of  the  air-water  mixture 
and  of  the  reference  velocities  of  the  air  and  of  the  water  to  the 
average  mixture  velocity  are  laid  off  on  the  abscissa.  All  three 
/sic  J  graphs  were  obtained  at  a  constant  and  rather  high  water  flow 
rate  Wq  “  2.2  nv/sec,  but  with  different  volumetric  air  flow  fractions 
of  . 

As  may  be  seen  from  the  graphs  in  Fig.  6-5,  at  a  small  value  of 
(0  =  6.2^)  all  the  air  moves  in  the  very  upper  part  of  the  tube  and 
the  profile  of  the  velocity  field  differs  relatively  little  from  the 
case  of  motion  of  pure  water  in  a  tube. 

If  the  volumetric  air  fraction  increases  up  to  0  =  7-5%,  the 
long  air  bubbles  ("slugs")  occupy  a  considerable  part  of  the  cross 
section  of  the  tube,  and  only  in  the  lowest  part  of  the  cross  section 
does  almost  pure  water  flow.  At  0  =  81. 5#  the  distribution  of  air 
and  water  over  the  height  of  the  cross  section  is  comparatively 
unform.  With  such  high  fractions  of  gas  and  sizable  velocities  of 
the  mixture  (in  the  experiment  with  0  =  81.5J6,  the  velocity  of  the 
mixture  was  more  than  10  Vs®0)*  the  motion  of  the  gas-liquid  mixture 
approaches  axially  symmetric  motion,  and  the  flow  regime  in  »iorj.zontal 
tubes  differs  little  from  the  regime  existing  in  vertical  tubes. 

Figure  6-6  shows  variation  in  the  dynamic  and  total  head 
of  the  stream  over  the  cross  section  of  a  horizontal  tube,  obtained 
in  experiments  carried  out  by  L.  Yu.  Kras/akova  by  means  of  a  vel¬ 
ocity  tube  that  can  move  up  and  down  the  tube  ^ ross  section.  The 
experiments  were  carried  out  at  low  reference  velocities  of  the 
water  (w^  =  0.1  m/sec)  and  with  very  high  fractions 
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of  air  (fi  =  99. U  to  99.8*),  i.e., 
with  a  pure  core  regime. 

As  may  be  seen  from  the 
graphs,  even  at  relatively  high 
reference  velocities  of  air  the 
stream  still  remains  considerably 
asymmetric.  The  lower  part  of  the 
water  ring  is  considerably 
thicker,  and  there  is  in  this  zone 
a  well-defined  second  velocity 
head  maximum. 

The  stream  becomes  almost  axially  symmetric  only  pt  ;-iv  i-ign 
reference  air  velocities  (w^  =  46  m/sec),  and  there  is  little 
thickening  of  the  water  ring  at  the  lower  generatrix. 

Since  in  these  experiments  concentration  of  gas  and  water  was 
not  measured  simultaneously  in  the  whole  cross  section  of  the  tube 
it  is  not  possible  to  convert  the  fields  of  dynamic  heads  into 
velocity  fields  directly. 


Figure  6-6.  Field  of 
dynamic  head3  in  a  hori¬ 
zontal  tube.  Air -water 
mixture:  p  =  1  atm.  abs.; 
w^  =  0.2  m/sec;  w£  =  27.4 

m/sec . 


6-3.  Symmetrical  Laminar  Flow  of  a  Liquid  Layer 

The  number  of  different  types  of  flows  in  a  two-pha  ;a  stream 
which  at  the  present  time  may  be  systematically  analyzed  is  extremely 
limited.  At  the  same  time,  the  flows  being  computed  are  very 
schematic  and  not  very  close  to  the  corresponding  forms  of  actual 
streams.  Nevertheless,  their  theoretical  analysis  has  great  value  for 
gaining  knowledge  since  it  affords  a  sufficiently  accurate  explana¬ 
tion  of  physical  laws  underlying  the  influence  of  different  stream 
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Fltnir?  6-7.  Diagram  of 
core  motion  of  a  mixture, 


parameters  on  the  strear.'  s  funda¬ 
mental  hydraulic  characteristics. 

In  this  connection,  an  in¬ 
vestigation  of  the  flew  of  a  mix¬ 
ture  with  a  symmetrical  liquid 
film  Is  extremely  useful,  although 
such  a  flow  takes  place.  In 
reality,  only  at  very  high  frac¬ 
tions  of  gas  in  the  mixture.  The 
first  studies  along  these  lines 
were  carried  out  simultaneously 

and  independently  by  A.  A.  Armand  and  S.  S.  Kutateladze.  A  model 
for  the  "slug"  flow  of  a  mixture  was  investigated  by  V.  A.  Schwab 

(Shvab)  and  N.  N.  Konstantinov. 

Let  us  consider  a  mixture  of  a  gas  with  a  very  viscous  liquid 
at  gas  flow  velocities  so  hich  that  all  the  liquid  is  concentrated 
around  the  tube  walls  in  the  form  of  a  symmetrical  film  (Fig.  6-7). 
As  a  result  of  high  viscosity,  the  film  flows  in  a  laminar  fashion, 
and  as  a  result  of  the  high  velocity  of  the  gas,  frictional  resist¬ 
ance  is  much  greater  than  the  force  of  gravity. 

Under  the  indicated  conditions,  the  ordinary  parabolic  la*  of 
velocity  distribution  applies  to  the  liquid  film: 


dpf  r  o 

where  [kg -fore e/m  m 


Bo’  5  [» 


(6-1) 

is  pressure  loss  due  to  friction; 

are  the  inside  radius  of  the  tube  and  the 

radius  of  interest. 


I 
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The  average  flow  velocity  of  the  liquid  in  the  film.  1? 


w-RdR. 


(6-2) 


It  la  assumed  here  that  all  of  the  liquid  component  of  the 
mixture  is  concentrated  in  the  film  and,  consequently. 


(6-3) 


in  which  Rb  is  the  radius  of  the  film  at  the  boundary  with  the  gas 
Jet. 

Substituting  the  value  of  w'  from  (6-1)  into  (6-2),  and  noting 


that 


(6-4) 


we  obtain: 


4m 


(6-5) 


where  D  -  2RQ  is  the  inside  diameter  of  the  tube. 

At  9  =  0  we  obtain  the  familiar  formula  for  a  homogeneous 

stream: 


(6-6) 


F-TS-9814/V 


132 


Jfi _ ! — , 

vf,  •  <»-* 


(6-7) 


hence. 


or 


t  I 


(6-8) 


The  pressure  over  the  cross  section  of  the  mixture  is  constant. 
Therefore,  considering  the  flow  of  the  gas  Jet  inside  the  liquid 
ring  as  analogous  to  flow  in  an  ordinal/  tube,  we  may  write: 


(6-9) 


in  which  P  is  the  coefficient  of  friction  of  the  gas  against  the 
film. 

On  the  other  hand,  the  relative  velocity  of  the  gas  is 

(6-10) 

r  f 

Substituting  here  the  value  of  the  velocity  of  the  liquid  on  the 
film  surface  w£,  as  .calculated  according  to  Formula  (6-1)  at 

g  =  R0  »  we  obtaln: 


* 


*  T  4m 
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or,  taking  Into  account  (6-5): 


T 


K 

•— t* 


By  combining  Formulas  (6-6)  and  (6-9),  we  haves 


ift-  -  c‘ 


iV° 


or,  taking  Into  account  that 
geneous  laminar  3tream  flow? 


the  friction  coefficient  wb*;; 
In  a  tube  Is 


where.  In  the  gl»ven  Instance  t 


we  obtain: 


JfiL 
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(b-ll) 


•.  i»:  mo  - 


(6-12) 


(6-13) 


(6-14) 


this  formula  Is  of  general  significance  since  it  is  valid  for  lam¬ 
inar  as  well  as  for  turbulent  flow  of  phases. 

Substituting  into  (6-14)  the  value  of  w"  from  (6-11)  and 

• 

from  (6-12),  we  have: 


_ cv»w-;  _»lY 

•*»*  U  •-»/ 


(6-15) 


Further,  combining  Formulas  (6-7)  and  (6-1?),  we  find  that 


(6-16) 


In  the  case  of  a  turbulent  flow  in  a  gas  Jet,  which  also. takes 

»f  1 

place  under  actual  conditions,  t  1.  The  quantity  f  *  is  close 

to  unity  even  at  comparatively  small  *  .  The  maximuir  value  of  Re' 

In  laminar  flow  is  approximately  2,000.  Hence,  it  Is  not  difficult 
to  compute  that,  at  low  and  medium  pressures. 


f%j/T>2/ 


For  these  conditions,  with  sufficient  accuracy 
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(6-17) 


**  .rff/sy. 
\»i/ 


(6-18) 


Table  6-1.  Calculations  of  the  Characteristics  of 
a  Two-Phase  Stream  with  a  Symmetrical  Laminar  Liquid 
Layer  at 


¥ 

a 

0.16 

m 

mm 

uBa 

mEM. 

SB 

■P 

'Mbit: 

m 

0.96 

m 

m 

• 

1 

1.42 

■p 

S 

m 

u 

3.68 

s 

25 

wm 

H 

■ 

■ 

i 

m 

•i  r  «i' 

" 

0 

0.121 

0.30 

’ 

0.70 

1.27 

2.64 

3.80 

e.bc 

18. -J 

32 

49 

99 

200 

Thus,  under  the  indicated  conditions,  *  and 

• 


are  single-valued  functions  of  the  group 


which  Is  a  specific  combli  ution  of  criteria  describing  the  relation- 


P-TS-9814/V 


136 


ship  between  the  kinetic  energies  of  the  phases,  their  flection  at 
the  boundary,  and  the  viscous  friction  within  the  liquid  phase  film. 

Formula  (C-lC)  also  shows  the  relationship  between  the  effect 
of  the  criteria  4 1 and  f  on  such  hydraulic  characteristics 

of  a  two-phase  flow  a3  *  and  • 

As  may  be  seen,  the  inde- 


from  theoretical  calcu 
lation. 


pendent  influence  of  the  relative 

t " 

density  of  the  phases  -yr  becomes 
apparent  only  at  rather  high 
values  of  thi3  criterion.  The 
mechanism  of  this  effect  Is  due  to 
the  fact  that  under  tve-'  condi¬ 
tions  the  relative  velocity  of  the 
phases  begins  to  be  substantially 
different  from  the  reference  as 
velocity.  At  sufficiently  low 


II  ,  the  densities  of  the  phases  for  practical  purposes  Influence  the 
hydrodynamics  of  the  two-phase  flow  only  through  the  relatlonsnip 


between  the  kinetic  energies  of  the 
phases  and  through  other  criteria 
into  which  t'  ana  >'  enter  sepa¬ 
rately  or  Jointly,  but  In  combina¬ 
tion  with  a  third  quantity  (such 

as  Ti wJ?)’ 

Table  o-l  shows  the  results 
of  calculations  by  Formulas  (c-T) 
and  (6-18). 


t 
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The  data  of  this  table  are  plotted  In  the  Pigs.  6-8  ana  6-9.  *s 
my  be  seen,  pressure  losses  Increase  very  rapidly  with  an  Increase 
in  the  relative  flow  fraction  of  gas  In  the  mixture.  The  true 
relative  fraction  of  gas  In  the  mixture  Increase,  with  an  increase  In 
the  flow  fraction  of  gas  very  sharply  at  the  beginning,  and  later 


very  slowly. 


Within  the  region  0 <  *  yVw  f <> >  the  loss  of  head  1. 
proportional,  on  the  average,  to  approximately  the  1.3  power  of  this 


group. 

When 


4l/  t'Re'4>8 

*  »  » 


the  quantity  *  approaches  unity,  and 


^  (6-13) 

U.#  •*!'  U/ 


r  „  n-v,.  p.i  and  Re"  Numbers  as  Characteristics  of  .the 

6'4-  -  mnee^low  Regime  In  an  Annular  Ll3uld_?ll» 

The  equivalent  hydraulic  diameter  of  a  liquid  ring  wetting  the 
wall  unilaterally  is 


ft.  £Mi — 


(6-20) 


accordingly,  the  Reynolds  number  of  such  a  ring 


(6-21) 


t 
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Therefore,  the  flow  regime  of  the  liquid  phase  may  be  determined  by 
the  same  limits  of  Re  =  Re*  as  for  the  flow  of  a  homogeneous  liquid. 
Por  the  gas  Jet 


R«'  - 


(6-22) 


Since  the  quantity  *  approaches  unity  even  at  low  values  of 

=r,  the  flow  regime  of  the  gas  stream  may  be  rather  accurately 
-0 

described  by  the  parameter 


Re'  •=• 


(6-?2a) 


6-5. 


Experimental  Data  on  Head  Losses  In  a  Two-Phase  Plow 
1  with  a  Laminar  Layer  of  Liquid 


Let  us  examine  the  experimental  data  obtained  by  Martlnelll, 
Bolter,  Taylor,  Thomson,  and  Morrison.  These  experiments  were  con¬ 
ducted  In  a  glass  tube,  D  *«  25.4  mm. 

The  component  characteristics  of  the  Investigated  mix lures 
are  given  in  Table  6-2. 

Data  on  the  range  of  changes  in  criteria  for  each  series  of 
experiments  are  given  in  Table  6-3. 

It  is  apparent  that,  for  practical  purposes,  only  the  quantity 

II 

SLy  remains  constant  in  these  experiments.  All  other  criteria  vary 

y 


l 
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Table  6-2»  Characteristics  of  the  Investigated  Media 


Liquid 

Oas 

pt  atm.abs . 

V,kg/m3 

1  4 
*  •  10 

p 

kg -sec/m 

•  -io3 

kg/m 

Water 

Air 

1.28 

15.6 

1000 

1.03 

7.5 

Water  +  Nekal 

ft 

1.26 

26.6 

1000 

0.80 

3.12 

Kerosene 

II 

1.26 

25.6 

830 

1.91 

2.86 

Diesel  oil 

II 

1.26 

26,6 

867 

4.56 

2,74 

Mixture  No.  1 

It 

1.26 

28.4 

901 

38.5 

2.91 

Mixture  No.  2 

(1 

1.26 

29-5 

913 

113.5 

3.00 

Petroleum  "3" 

II 

1.26 

29.5 

912 

245 

3.11 

within  an  exceedingly  wide  range.  On  the  basis  of  the?**  te^Ia, 
we  may  evaluate  to  what  extent  each  criterion  affects  the  law  of 
resistance. 

Figure  6-10  shows  the  dependence  of  quantity  on  the 

criteria  and  Re’  at  a  practically  constant  value  of  the  criterion 
•2  -° 

Pr  .  =a  The  loss  of  head  Is  found  to  be  strongly  dependent  on  the 

S5 

ratio  of  the  reference  velocities  of  the  phases,  as  well  as  on  the 
Re*  number  of  the  liquid. 

In  Fig.  6-11  the  same  data  are  presented  In  the  for",  of  a 

relationship  between  ''**’**'  and  the  group  ^1/  •  *n  Sood 

*li  •  1 

agreement  with  the  abcve-3tated  theory,  all  the  experimental  points 
fall  along  a  single  line. 

In  Fig.  6-12,  data  from  the  whole  series  of  experiments  are 
plotted  on  the  same  coordinates. 


I 
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Table  6-3.  Experimental  Bata 


• 

Liquid 

Re’  -  *2? 

p 

Petroleum  "B” 

v  y'  =  1.43  *  10"3 
*"/  p'  «  0.075 

4.8 

9.6 

19 

28 

47 

57 

Mixture  No,  2  (Diesel 

10 

oil  +  petroleum) 

21 

41 

y  /  y  »  1.43  •  10“3 

60 

123 

p  /  »  =  0.162 

164 

204 

306 

Mixture  No.  1  (Dle3el 

32 

oil  +  petroleum) 

64 

>  "/  t '  -  1.44  •  10"3 

160 

256  1 

*"/  -  0.505 

334 

640 

860 

1280 

Water 

1080 

*  /y  *  1.3  •  io~3 

*  /  p  *=  17.9 

Kerosene 

1210 

y  /  y  -  1.57  •  r"3 
.  p  /  p'  =  9.6 

Diesel  oil 

940 

»»  |  1' 
y  /  y  -  1.5  •  10  ■* 

V/V  -  4.0 

1880 

0.0096  51 
0.04  39 

0.16  3. 


790 

345 

128 

76 

15 

9.7 


846 

345 

165 

112 

43 

18 

4.7 

0.6 


0.01 

0.04 

0.25 

0.64 

1.44 

4.0 

9.0 

16.0 


0.008 


0.1c  62 


0.64  10 


«  _  *o5 


vM 


75  000 
62  000 
60  000 
59  000 
46  000 
‘:6  000 
14  000 
1  700 


0.047  39  433  86  000 


95  000 


95  000 


A»  can  be  seen,  -hen  “»e  experimental  point, 

clearly  begin  to- group  according  to  the  Froude  numbers.  Evidently, 
(low  asymmetry  and  wave  formation  at  the  Interface  become  substantial 
in  this  area.  In  the  came  figure,  the  dotted  line  indicate,  th. 


Figure  5-11.  Group  0 


V3. 


fl)  Petroleum  "B"  (Re  =  9»°» 
Pr  =  0.04);  (2)  Mixture  IIO. 

1  (Re  =  10tOf  PP  =  0-01)» 

(4)  Mixture  No.  2  (Re  =  21, 
Fr  -  0.04);  (5)  Kerosene 
(Re  =  1210,  Pr  =  0.05) 


Figure  .i-lC.  Given  drag 

i  Mo 

coefficient,  fQ  vs.  yr 

from  experiments  with  laminar 
flow  of  a  liquid  layer.  (1) 

Petroleum  "B"'  (Re  =  9*u» 

Pr  =  0.04);  (2)  Mixture  No 
1  (Re  =  64,  Fr  =  0.04);  (3) 

Water  (Re  =  10S0,  Fr  =  O.ol). 

(4)  Mixture  No.  2  (Re  =  -1, 
pr=  0.04);  (>)  Kerosene 
(He  =  1210,  Pr  -  0.05) 

theoretical  curve  In  which  f  -  const;  It  1.  calculated  aocordl^s 
to  Table  6-1  by  making  the  theoretical  value  of  the  group^  J  .  »c 

Identical  with  the  value  of  the  group  -hen  5^-" 

Evidently,  the  experimental  point,  in  the  region  of  diminishing 

values  of  the  variables  fall  above  ’.he  calculated  line.  This  c_r- 

.  ....h,  -h-it  -he  -rictlon  coefficient  between  the  gas 
cumstance  indicates  -hat  .ne  - *- 

!■  I.  .n-  acns'a’U.  but  diminishes  with  an  increase 
and  the  liquid  13  no.  cons-aa  , 
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in  the  gas  flow  velocity.  Besides,  at  small  '  v:hen 

flow  asymmetry  and  wave  formation  become  substantial,  the  coefficient 
ef  friction  also  becomes  a  function  of  the  Proude  number. 


01  u-ir  Efft jc'.  M  jritm’lan 

&&*&>•  vis*  i  &  n 

i  (1)  Pr  -  0.043  (-]  Pr  -  0,0-1  [>; 

Pr  ^  D,13i  (  i)  PL1  =  l"0  ?r  "  ’<i3j 

Pr  -  9.0;  (7)  “  1°* 


*A«  has  been  determined  in  the  preceding  chapters,  any  determin¬ 
able  criterion  for  a  two-phase  flow  in  a  general  case  is  a  function 
of  a  series  of  parameters — namely. 
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,(<<.  lL-  Re'-  £■:  — JL-;  JL...V 

•*’  V  ’  !»'  IT *  / 


(6-23) 


The  described  experiments,  as  well  as  S.  1  •  Rosterin' s  szperl- 

« 

ments,  confirm  the  fact  that  the  Influence  of  criteria  and 
_ *  .  on  the  hydraulic  characteristics  of  a  two-phase  stream 

(  t'  -  7")r 

flowing  in  a  tube  can  be  disregarded. 

In  the  particular  problem  under  consideration,  theory  leads  to 

-0  1r 

a  specific  combination  of  the  parameters  £r,  Re',  and  -Jp-.  Conse¬ 
quently,  deviations  from  the  theoretical  line  mu3t  actually  be 
functions  of  the  Proude  number  and,  to  a  certain  degree,  ol  the  ratio 
JC  (since  these  deviations  are  a  measure  of  the  additional  dynamic 

v 

effect  on  the  interface).  As  has  been  found  In  preceding  chapters, 
generally  speaking,  these  parameters  enter  the  functional  expression 
as  the  product  Pr 

(  f  -  y") 

Pigure  6-13  shows  that  the  Influence  of  the  Proude  number  is 

generally  small.  Namely,  even  in  the  area  of  its  greatest  influence 

...  A£f 

on  the  process,  a  1,500-fold  change  in  Pr  alters  the  ratio  ^ 

by  a  factor  of  2.7  only.  Based  on  the  above-mentioned  dp.tr? ,  at 

W"  /  y ”  * 

t  V  Re'  — -T  >  40,  we  may  recommend  the  working  formula 


-1+0.1 


(6-24) 


P-TS-9S14/V 


144 


Flf^ire  C/l-j.  Lc  <" 


% 


4£f,0 

as  r.  function  of  log  (1-  * ) 
theoretically  computed  for 
turbulent  flow  of  a  liquid 
film. 


Evidently,  the  experimental  ex¬ 
ponent  is  very  close  to  the 
theoretical  value  (see  Fig.  6-9) . 
The  unity  in  the  right  member  of 
Formula  (6-24)  is  introduced  in 
order  to  carry  the  calculation  to 

Ho  -  0. 

_ 

0  "I  /  '• 

At  _ /Re'  y  <  40,  it  is 

2o  ' 

possible  to  make  use  of  the  mean 
curves  drawn  through  the  experi¬ 
mental  points  shown  in  Fig.  6-13. 


6-6 .  Symmetrical  Turbulent  Flow  of  a  Liquid  Layer 

*nie  velocity  profile  in  a  turbulent  film  flow  can  be  expressed 
with  sufficient  accuracy  for  our  purposes  by  the  expression 


(6-25) 


here,  v  is  so-called  dynamic  velocity: 


I 

145 


F-TS-9Slt/V 


^  is  the  distance,  from  the  tube  wall; 

4  is  the  scale  factor. 

Por  tubes  with  granular  roughness  we  can  assume ,  if  the  quad¬ 
ratic  law  of  resistance  applies,  that 

«  i 

»• 

where  «  is  the  height  of  the  protrusions. 

Por  smooth  tubes  we  can  assume 


,Let  us  assume,  as  has  already  essentially  been  done  in  the  preceding 
paragraphs,  that 

"  a!" " (6-26) 

in  which  Tq  Is  the  conditional  (referred  to  jr 0)  drag  coefficient  of 
two-phase  flow. 

Calculating  the  value  of  w q  from  Formula  (6-2)  by  sub°t^u*-ing 
into  it  the  value  of  w'  from  (6-25)  and  disregarding  in  the  obtained 
solution  the  terns  of  the  order  of  we  arrive  at  the  equation* 

57- -S (6-27) 

Jr  H  '  * 


#In  turbulent  film  flow,  the  central  gas  Jot  usually  contains 
liquid  drops;  as  a  result,  the  average  velocity  of  liquid  flow 
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Taking  Into  consideration 'that 


t6-28,l 


i  where  f0  is  the  drag  coefficient  at  ¥  -  0,  we  obtains 

»,  _  V. 

**r  .•  ^ 

. tISll -  V-?)f ]+  *=*  +  (6-29) 


The  results  of  calculations  by  this 


for.au la  are  glvui  i:»  lubie  6-4. 


. wh._-  _  la  the  Welcht  fraction  of  liquid  In  the  gas.  Accordingly, 
S*  if  (6-9)  oSreotly  written  In  the  following  fora 


«9Kv 


In  subsequent  formulas,  wnen  we  .ake 
liquid  entrained  by  the  gas  stream, 

( q  by  the  following  quantity 


Into  account  the  fraction  of 
we  should  replace  the  quantity 


vz 


and  replace  tn  l>’  *'-e  *1 


uar.tlty  f"  U  +  2.) 
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Table  6-4.  Results  of  Calculations  by  Formula  (6-29) 


A2f,0 

' 

¥ 

mu 

wwa 

I 

1 

BBS! 

0 

1 

1 

1 

1 

0.16 

1.53 

1.52 

1.51 

1.50 

0.25 

2.01 

1.98 

i.96 

1.94 

O.36 

2.95 

2.88 

2.85 

2.80  ' 

0.41 

3.58 

3.46 

3-4° 

3.33 

0.49 

5.11 

4.94 

4.83 

4.71 

0.64 

11.8 

11.3 

10.8 

10.4 

0.81 

57.3 

52.7 

49.3 

46.4 

1 

®° 

o* 

OP 

Prom  these  calculations  it  follows  that  the  dependence  of 


A  p 

*r-  (or  the  inverse  dependence)  in  turbulent  flow  is  nardiy  in- 


fluenced  by  the  relative  roughness  of  the  tube. 


In  Pig.  6-13 

data  on  Table  6-4 
line  shown  on  the 


the  relationship  between  -yr - 

a*f,0 

is  shown..  The  equation  for  the 
graph  is 


and  *  from  the 
logarithmic  straight 


l 


(6-30) 


It  is  interesting  to  note  that  this  relationship  is  very  close 
to  Pormula  ( 6-7 )  which  describes  the  corresponding  relationship  for 
a  stream  exhibiting  laminar  fl.  ..  of  the  liquid  phase.  Consequently, 
the  function 


#As  is  known,  roughness,  in  the  case  of  laminar  flow,  does  not 
influence  the  hydraulic  characteristics  of  a  stream  flowing  in  a 
tube., 
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„tl,e  to  the  no.  re6lme  of  the  .trea». 

1.  only  .UsMly  aenoltive  to 

POT  a  ,000th  tube  the  solution  remains  the  same  a.  for 

„„  should  be  substituted  for  30  7  1" 
tube;  but  the  rollowlne  quantity 

the  formulas 


-4.(SRe  }/C 


(6-32) 


,  „,„lre  0f  a  two-phase  flow  In  a  smooth 

Thus,  the  hydrodynamic  retire 

.  Qn  the  effective  Reynolds  number  of  the  llq 

pipe  also  depen  The  influence  of  the  viscous  sub- 

:pnase  defined  by  Fo-ula  -  >•  ^  ^  lmmedlat,  vicinity  of 

layer  on  the  flo.  of  the  Uqu.  ippMr.„ee  of 

is  a  physical  factor  governing  the  app 
the  smooth  surface  wo.phase  flo.. 

the  Be'  number  as  a  dete^lnlns  p— «  “  Fomla 

Th,  relative  veloc.ty  of  the  Sa.  Jet,  dcu  -ted 

(6.10)  for  the  distribution  of  velocities  In  a  liquid 

cording  to  (l— 25) » 


_-2L-i.Se*  1« 


(6-33) 


,  .  hl3  value  into  Formula  (6-14)  and  noticing  that 

Introducing  this  value 

(6-34) 


e*-«i  V 
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Figure  6-16.  Variation  in  the  ratio  between  resist¬ 
ance  to  flow  of  the  vapor-water  mixture  and  resist¬ 
ance  to  flow  of  the  same  maos  flow  rate  oi  water, 
depending  on  the  sl::e  of  the  relative  frac tional_of 
the  cross  section  occupied  by  the  liquid:  00  a. 
pressure  of  32  to  35  atm.  abs.,  (b)  a.  a 
of  60  to  64  atm.  abs.,  (c)  at  a  pressure  of  90  ■- 

110  atm.  abs. 


The  structure  of  this  formula. 

It 


In  relation  to 


the  influence  cf  the 


criteria  ”"7r  "n  * 

Formula  (6-l6).  The  Independent 
only  at  sufficiently  great  values 


t  i3  analogous  to  the  structure  of 

If 

Influence  of  -^-p  begins  to  develop 

t 

of  this  criterion — i.e.,  only  at 


F-TS-?t 14/V 


lrl 


sufficiently  high  pressures  In  the  gas-liquid  mixtures. 


Ir«  Figs.  6-14  and  6-15  the  dependences  of  *  and 


*Ef 

*!f7< 


on  the 


- °V_  ....  “£f,0 

w"  *  f  - "  '  * 

group  d*  \j  J - I-j-  are  plotted.  They  are  calculated  from  (6-36)  and 

!*0  V  *0  1 

(6-30)  for  such  ratios  at  which  the  second  term  in  the  brace  may 
be  disregarded. 

Evidently,  also,  in  turbulent  flow  of  the  liquid  film,  an  abrupt 


increase  in  ¥  is  observed  in  the  region  of  3mall 


of  values  of 


*o  A  /  r" 

V  fo  ^ 


”0' 


from  1  to  10,  the  quantity 


In  the  region 

A£f 


is 


proportional  to  a  power  of  the  order  of  1»4  of  this  criterion,  while 


the  exponent  increases  with  an  increase  in  the  argument. 

In  Fig,  6-16  the  re3ult3  of  a  considerable  number  of  tests  with 
steam-water  mixtures  are  shown  plotted  on  the  system  of  coordinates 
of  (6-31)  by  A.  A.  Armand.  It  is  found  that  thi-s  function  is  clearly 
single-valued;  at  *  <  0.5,  the  exponent  in  the  formula  of  the  type 
In  (6-30)  is  v^l.2;  while  at  *  >  0.5  such  an  exponent  Is  described 
satisfactorily  by  the  formula 


•-l.t  +  2.54. 

1 


(6-37) 


Thus,  ’he  theoretical  solution  for  the  turbulent  motion  of  a 
stream  of  mixture  with  an  annular  layer  also  generally  leai3  to  con¬ 
clusions  well  supported  by  experiment:  1  data.  This  case  emphasises 
once  again  the  fruitfulness  of  theoretical  analysis,  even  of  ex¬ 
tremely  abstract  models  of  the  studied  physical  phenomenon,  and  per¬ 
mits,  at  least  qualitatively,  clarification  of  the  nature  of  the  basic 
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interrelationships  characterising  a  given  phenomenon.  As  has  been 
pointed  out  before.  In  referenee  to  flo»  In  smooth  tubes,  the  sub¬ 
stitution  into  (6-29)  of  the  quantity  11.6  £-  for  ^  produces  the 

number  as  the  determining  criterion  In  the  formula  for  turbulent 
flo.  of  a  liquid  layer  as  .ell.  Ho.ever,  In  turbulent  flo«.  the  In¬ 
fluence  of  this  criterion  develops  substantially  only  In  the  region 
of  small  He '  numbers  (of  the  order  of  3.000  to  15.000).  At  larSe 
values  of  Re’,  the  Influence  of  this  criterion  upon  the  values  *  and 

*Ef  „  .llgh,iy  perceptible'.  In  Fig.  6-17  **«» 

tal^data  Illustrating  what  was  said  above 


Figure  0-17.  Dependence  of  the  resistance  of  a  two- 

"0 


phase  flew  In  a  snueth  tube  cn  the  ratio  ^  and 


'  i  vuld . 


the  Re  criterl  n 

Water:  -C  .  1.3  •  H'3!  (’-!  "e  '  :5ll22!  (2) 

Re  .  21,600!  (3)  »•*  **  '  13,455‘ 

(5)  Re  *  o4 , 300 ;  ( )  He  *  . 

— it  I  ,  .  (7)  Re  *  15,100;  (6) 

Kerosene;  7  *  1.-  ^ 

y  f 

Re  -  30.200;  (9)  He  -  42,300. 
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Ab  has  been  pointed  out  already,  core  regime  arises  In  a 
stream  with  a  sufficiently  high  fraction  of  gas.  At  average  and 
small  values  of  ,  and  at  large  -f  the  emulsion  regime  Is  charac¬ 
teristic  of  the  flow  of  a  gas-lliuld  mixture.  A.  has  been  described 
in  section  «.  when  this  regime  occurs  the  gas  1=  moving  In  the 
form  of  single  bubbles  of  different  slxes-fllllng  up,  more  or  less 
evenly,  the  entire  volume,  of  the  entraining  stream.  However,  In 
contrast  to  slug  regimes,  the  dimensions  of  most  of  the  bubbles  are 
more  or  less  the  same,  and  are  small  In  relation  to  the  Uoe  Aa-ecer. 

Lot  us  assume  that  the  relative  motion  of  these  bubbles  Is  de¬ 
termined  by  Formula  (3-11).  In  this  cas.  V  can  he  calculated  from 
Formula  (1-1.)  hy  substituting  Into  It  the  values  of  £  from  (2-11). 

We  obtain: 


(6-38) 


-K  V  s: 


nere.  »  Is  the  drag  coefficient  of  a  bubble  In  the  shape  of  a 
flattened  spheroid.  In  the  given  case,  (  Is  a  certain  effective 
value  of  the  Indicated  coefficient,  and  depends  to  a  certain  degree 
on  the  totality  of  parameters  determining  the  flow  of  the  mixture  In 
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Figure  o-l8.  Average  absolute  velocity  of  ct®am 
vs.  referer.ee  velocity  of  a  ateam-water  mixture, 
according  to  averaged  data  for  vertical  tubes. 

Circulation  velocity  Is  the  parameter:  (a)  •  11  atm.  ats.; 
(b)  £  -  111  atm.  ai s . ;  (c)  £  ■  181  atm.  abs. 


Formula  (6-38)  shows  that  In  the  case  of  emulsion  flow  the  value 
of  *  depends  on  a  unique  combination  of  the  Froude  and  Weber 

criteria: 


!6-39) 


for  the  flow  fraction  l  of  ga»  In  the  .Uture  and  for  the  effective 

drag  coefficient  f  of  the  bubbles. 

Further,  substituting  Into  (1-11)  tne  value  f rcm  (2-11),  we 

find  that 


«Y*  • 


(6-40) 


Introducing  Into  (6-40)  the  value  of  *  from  (6-38),  we  obtain 


•*  l  1 

,  +  5:S 

f  cv 

+ 

,  1  j/W-jD 

t'  +  *.  V  «Y* 

At  large  values  of  v^,  the  quantity  X  13  8Ub 

stantially  less  than  unity,  l.e..  under  these  conditions  tne  absolute 
velocity  of  the  gas  phase  In  the  emulsion  flow  of  the  mixture  Is  al¬ 
most  a  single-valued  function  of  the  group  (6-39) • 

Q.  Ye.  Kholodovskiy  pointed  out  that,  within  a  wide  range  of 
values  of  the  flow  parameters  of  a  gas-liquid  mixture,  the  quantity 

l  * 
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w”is  almost  a  single-valued  function  of  wm. 

In  Pig.  6-18  are  shown  some  experimental  data  illustrating  the 
above  treatment  of  this  problem  by  us.  At  the  same  time,  these  data 
confirm  the  fact  that  within  a  given  range  of  the  values  of  0  and 
2  t  the  quantity  wm  has  the  most  substantial  influence  on  the  ab¬ 
solute  velocity  of  the  gas. 


6-8 .  Head  Losses  Due  to  Friction  in 
a  Quasi -Homogeneous  Mixture 

Let  ua  examine  the  flow  of  a  quasihomogeneous  mixture.  The 
relative  velocity  of  the  phases  equal r  aero,  and  the  formula  for  the 
pressure  losses  due  to  friction  can  be  written  analogically  to  the 
corresponding  working  formula  for  h-tojoneous  stream: 


(6-41) 


In  which  0  is  a  certain  function  of  the  criteria  (6-23). 


At  w"  =  0 
-r 


■b  , . ^  _  *  _3l. 


+  _  i 


k  -  1 


«■+». 


(6-42) 


Substituting  these  values  of  v*m  and 


y  into  (6-41),  we  obtain 


the  formula 


(6-43) 


t 
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Comparison  of  the  theoretical  calculations  and  experimental  data 
presented  in  the  foregoing  paragraphs  shows  that  the  pertinent  re 
lationships  between  the  basic  hydraulic  characteristics  of  th-  "tream 
are  relatively  insensitive  to  the  flow  regime  of  the  mixture.  This 
permits  anticipating  that  the  coefficient  *  in  Formula  (6-43)  is  of 
the  order  of  unity.  In  fact,  the  experimental  data  presented  in 
Pig.  6-19  confirm  this  significant  conclusion.  Ibis  fact  permits  the 
use  of  (6-43)  as  a  convenient  working  formula. 


6-9.  Head  losses  Du*  to  Acceleration  of  the  Mixture 

Head  loss  due  to  acceleration  is  equal  to  the  difference  between 
the  momenta  of  the  pen-second  flow  rate  of  the  gas-liquid  mixture  in 

two  given  cross  sections: 


r 

...  ,, i*? 

■ 

lil 

Lv 

T 

'  -V 

It 

f-? 

t 

1 

»-»*  J 

I 
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Usually,  this  loss  is  substantial  only  in  steam-generating  tubes, 
and  there  only  at  a  comparatively  low  pressure  and  for  a  large  heat 
I  flux  when,  in  a  short  section  of  tube,  the  steam  fraction  in  the 
mixture  increases  sharply. 

When  we  refer  to  the  boiling  point,  and  the  relative  velocity 
of  steam  is  disregarded,  it  follows  from  (6-44)  that: 

(6-45) 

y  " 

At  low  and  medium  pressures  (-^r<0.05),  the  relative  velocity  of 
steam  reduces  losses  calculated  from  Formula  (6-45)  by  approximately 

50*.  At  -ll>0.1,  calculations  by  this  formula  become  sufficiently 
y 1  ' 

accurate.  However,  the  quantity  Ap  itself  is  usually  much  less 
than  Apf  in  this  case. 

6-10.  Head  Losses  in  Vertical  and  Inclined  Tubes. 

»  for  Design  Purpose? 

In  vertical  and  inclined  tubes,  the  pressure  drop  per  unit  of 
tube  length  is  determined  by  the  sum 

Ap  -  +  Apac(j  +  cos  •  ,  (6-46) 

where  «  is  the  inclination  angle  of  the  tube  axis  from  the  vertical. 

In  this  case,  as  a  consequence  of  the  disturbance  In  the  sym¬ 
metry  of  the  stream,  the  density  of  the  mixture  proper  ym  appears 
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also  as  a  certain,  generally  rather  weak,  function  of  «  . 

Extensive  investigations  of  the  motion  of  gas-liquid  and  vapor- 
liquid  mixtures  in  vertical  tubes  have  been  carried  out  at  the  TsKTI 
Central  Scientific  Research  Institute  for  Boilers  and  Turbinea7,  the 
VTI  /All-Union  Heat  Engineering  Institute  (im.  P.  Dzerzhlnslciyi/,  the 
ENIN  /Institute  of  Power  Engineering  (im.  0.  M.  Krzhizhanovskly)7,  and 
other  organizations.  On  the  basis  of  these  data,  design  graphs  were  , 
plotted  at  the  TsKTI  in  order  to  calculate  the  approximate  magnitude 
of  *  .  The  approximate  nature  of  this  quantity  is  due  to  the  fact 
that  frictional  losses  were  calculated  by  processing  the  experimental 

data  by  means  of  Formula  (6-^3). 

In  Figs.  6-20  to  6-25  are  presented  nomograms  permitting  deter¬ 
mination  of  *  for  design  purposes. 

In  these  nomograms 


Por  the  steam-water  mixture,  the  pressure  g  in  the  tube,  rather 

than  the  ratio  ■  ■■?,  has  been  plotted. 

Nomogram  I  is  Intended  for  vertical  tubes.  When  the  «ube  is 
inclined  5C  from  the  vertical,  the  same  value  of  *  is  used  as  lor 
vertical  tubes.  Nomograms  II  to  VI  are  used  for  designing  tubes 
inclined  by  more  than  5°  from  the  vertical. 

By  means  of  the  fomu  .as  and  graphs  given  above,  the  designs 
can  be  carried  out  for  two-phase  flows  In  individual  tubes  as  well  as 
in  circulation  loops.  The  latter  have  a  series  cf  essential  features, 

I 
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Nomogram 


Nomogram  II 


Figure  6-21 


Nomogram 


Figure  C- 22.  Nomogram  III. 
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Figure  C-23 .  Nomograr.  IV. 
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which  are  discussed  in  great  detail  in  the  design  specifications  for 
circulation  in  steam  boilers. 


6-11.  Local  Drags 

The  motion  of  a  gas-liquid  mixture  in  a  conduit  with  various 
bends,  constriction:  #etc.  (local  resistances),  as  well  as  in  col¬ 
lectors,  has  not  been  thoroughly  studied  so  far.  Some  data  have  been 
obtained  at  the  TsKTI  by  S.  I.  Mochan  and  I.  0.  Zamaziy.  I.  0. 
Zamaziy  conducted  experiments  with  an  air-water  mixture  flowing 
through  a  sharp-edged  orifice.  As  a  result  of  these  experiments  It 
was  ascertained  that  in  practice  the  orifice  drag  coefficient  can  be 
determined  analogously  to  the  resistance  of  a  tube,  by  ac-aiic  o.  the 
formula 

C-(,[l+(l-f£].  (6-47) 

here  the  overall  resistance  is  referred  to  the  head,  calculated  from 
the  velocity  of  circulation,  i.e.. 


(6-48) 


Figure  6-2 6  gives  the  results  of  experiments  by  S.  I.  Mochan 

determining  the  overall  drag  coefficient  for  the  discharge  of 

an  air-water  mixture  from  the  tube.  The  great  bulk  of  the  experimental 

points, on  the  average, is  also  described  by  a  formula  of  the  same  type 
» 
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as  (6-4'f) ,  namely: 


(6-49) 


The  experimental  points  falling  outside  the  line  pertain  to  such 
small  velocities  that,  for  them,  the  absolute  value  of  Agdlach  18 
negligibly  small. 
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Figure  C-?6.  Dependence  of  the  overall  drag  coef¬ 
ficient  for  discharge  on  the  flow  fraction  of  air 
and  the  velocity  of  water. 


Th.  n«  pattern  sssoeieted  with  the  tog  which  ievaicp.  whan 
a  mixture  enters  a  tube  1.  mch  more  complex.  In  this  case,  the 
perturhing  effect  of  the  entrance  1.  felt  along  a  considerable  leng 

of  the  pipe  (up  to  60  to  100  dia¬ 
meters);  i.e. »  the  increasing  com¬ 
plexity  of  the  hydrodynamics  of 
the  two-phase  stream  is  manifested 
along  the  length  of  the  input  sec¬ 
tion  of  the  pipe,  in  addition  to 
the  pressure  loss  due  to  the  last 
drag  itself. 

The  above-described  y.afcterr» 
is  clearly  revealed  by  the  exper- 
mental  data  given  in  Pig.  6-27. 

At  the  present  time,  this  problem 
is  still  explored  very  little. 

For  the  time  being,  S.  I.  Mochan's 
design  graphs  given  in  Pig.  6-28 

can  b.  recommended  for  tentative  .stlmatea.  In  this  graph,  the  ap¬ 
proximate  velocity  head,  a.  the  abscissa,  1.  determined  from  th. 

formula 


Figure  6-27.  Excess  pressure 
drop  in  the  tube  section  be¬ 
hind  the  collector  caused  by 
the  perturbations  of  the  two 
phase  flow  at  the  entrance 
of  the  tube.  j  1 

Air-water  mixture:  £  1  atm* 


abs.;  -  io;  (1)  tt  = 

2°  w2  - 

=.  16.2  m/sec2;  (2)  -p-  «  7.6 
m/sec2;  (3)  =§-  -  '*•3  “/s«o2 


2o 


(6-50) 


Figure  6-29  gives  graphs  for  determining  the  ratio  where 

m  IS  the  velocity  head,  and  Includes  the  relative  velocity  accor  - 

-^P 

ing  to  the  formula 
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(6-50a) 
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Experimental  drag-coefficient  data  for  a  75°  bend  for  different 

lengths  or  tube  sections  Joined  behind  the  bend,  are  given  In  ^ 

Pig.  6-30.  Analysis  of  expert-  • 

cental  data  suggests  that  we  may 
assume  drag  coefficients  of  bends 
followed  by  vertical  or  inclined 
pipe  sections  to  be  six  tu  seven 
limes  higher  than  the  drag  co¬ 
efficients  of  identical  bend3 
under  single -phase  flow;  when  the 
bend  is  followed  by  a  horizontal 
pipe  section,  the  suggested  drag 
coefficients  are  equal  to  the 
single-phase  flow  drag  coefficient. 

Thus,  experiments  reveal  that 
local  resistances  have  a  greater 
effect  in  two-phase  now  than  in 
homogeneous  flow.  This  circum¬ 
stance  is  explained  by  the  sub¬ 
stantial  influence  of  local  re¬ 
sistance  on  phase  distribution 
along  the  cross  section  of  the 
stream  and,  hence,  also  on  the 


B 

m 

-r— ::: 

ffl 

hhLI  Mil 

Figure  6-29.  G^phs  for 
determining  the  ratio 

-P»r 

hpj  from  Formula  (-'-'-'O) ; 
h  r  velocity  head,  account- 

-“P  jl* 

ing  for  the  relative  velocity 
from  Formula  (o-/>0a) 

(1)  ^  =  1  m/sec2;  (?) 

‘3  m/sec2;  (3)  20  ~/3ec2> 

r\ 

(4)  <50  m/sec<" . 
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Figure  i  -30.  Experimental  data  or.  drag  coefficient 
of  a  75°  bend  with  different  lengths  of  inclined 
tube  section  Joined  behind  the  bend:  (a)  lengtn  of 
section  following  bend:  25  diameters  (b)  same:  59 
diameters ; (c)  additional  drag  coefficient  of  a  section 
of  i  -  50  diameters,  109  diameters  away  from  a  75° 
bend.  (1)  £  ■  10  atm.  abs.;  (2)  p  -  30  and  60  atm. 
abs.  (3)  P  >  t'0  atm.  abs. 
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hydrodynamic  regime  of  the  mixture  along  a  considerable  length  of  the 

tube  following  the  local  resistance. 

The  phase  distribution  along  the  cross  section  exerts  a  strong 
influence  on  size  of  the  cross-sectional  fraction  *  occupied  by  the 
gas.  Therefore,  In  the  sections  of  the  tube  located  beyond  the  local 
resistance,  a  considerable  change  (increase)  in  the  specific  gravity 
r  m  of  the  mixture  Is  observed.  If  these  sections  are  vertical,  or 
inclined  substantially  from  the  horizontal,  then  to  the  change  in 
head  loss  due  to  friction  Is  added  the  change  in  the  weight  of  the 
column  or  mixture,  the  latter  circumstance  usually  turning  out  to  be 
far  more  significant  than  the  change  in  frictional  loss. 

6-12.  Formation  of  Vortexes  during  Free  Discharge 
'  '  into  a  Tube 

In  Fig.  6-31  a  diagram  Is  shown  of  the  free  discharge  of  a 
liquid  into  a  tube.  Under  certain  conditions,  a  vortex  forms  above 
the  tube  inlet .  .  When  the  cone  of  the  vortex  reaches  the  inlet 
orifice  both  the  liquid  and  the  gas  bubbles  drawn  in  with  the  stream 
from  the  vortex  will  enter  the  tube.  Usually  an  Intake  of  gas  or 

steam  into  the  down  tube  is  undesirable. 

The  formation  and  development  of  a  vortex  generally  on 

the  same  fundamental  criteria  as  those  for  the  two-phase  flows  ex¬ 
amined  earlier. 

That  height  (hcr)  of  the  liquid  layer  above  the  down  tube  at 
which  the  \,op  of  the  vortex  cone  reaches  the  inlet  orifice  may  be 

selected  as  the  parameter  to  be  determined. 

When  there  is  a  stationary  gas  layer  above  the  liquid  layer, 

friction  at  the  phase  boundary  may  be  disregarded.  Moreover,  since 
* 
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Figure  6-33 .  Diagram  of 
free  discharge  of  liquid 
into  u  tube. 

only  the  formation  of  a  vortex  with  a  continuous  boundary  separating 
the  liquid  and  the  gas  Is  studied,  the  Influence  of  surface  i^n&Lon 
Is  likewise  Immaterial. 

The  force  of  gravity,  acting  on  the  liquid  stream  forming  a 
vortex,  is  proportional  to  the  difference  in  the  densities  of  the 
phases,  and  the  equation  of  motion  can  be  written  in  the  following 
forms 


Figure  6-32.  Vortex  when 
the  liquid  approach  Is 
syiwecrlcal. 


iw  -t")  -*wd g+*W 


(6-51) 


Among  the  conditions  unlquelv  defining  the  solution  of  this 
problem  are: 

(?)  the  diameter  D  of  the  discharge  orifice  and  the  geometric 
configuration  of  liquid  approach; 

(b)  the  velocity  w^  of  liquid  discharge  through  the  down  pipe; 
and 

(c)  the  physical  constants  entering  2qu:;:’o:; 
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figure  6-33.  Vortex  when  the  liquid  ap¬ 
proach  is  asymmetrical. 

Under  these  conditions  it  follows  from  Equation  (6-51),  that  at 
a  given  configuration  of  the  liquid  approach  to  the  tube 


®  'Vsod-n 


(6-52) 


In  a  turbulent  liquid  flow,  the  influence  of  molecular  viscosity 
can  be  disregarded. 

figures  6-32  and  6-33  show  photographs,,  obtained  by  0.  M.  Baldina 
and  Ts.  M.  Baytina,  of  the  vortex  above  the  down  tube  in  a  symmetrical 
liquid  approach  and  in  a  unilateral  approach,  and  with  a  baffle  plate 
in  front  of  the  tube. 
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Figure  6-34 .  Db pendent e  of 


h'  on  w '  and  D  in  a  sym- 
— cr  -0 

metrical  free  discharge. 


Figure  6-34  showu  experi¬ 
mental  data  by  the  same  authors 
for  the  symmetrical  approach  of 
liquid  to  the  down  tube.  A  curve, 
drawn  through  these  points,  is 
described  by  the  formula 


t 


F-TS-9bl4/V 


176 


CHAPTER  SEVEN 

HYDRODYNAMIC  THEORY  OP  CRITICAL  CHANOES  IN  HEAT 
TRANSFER  DURING  BOILINO  ON  HEATING  SURFACES 


7-1.  Two  Fundamental  Regimes  of  Bolling 

The  process  of  vaporization  In  a  liquid  maos  Is  called  boiling. 
Two  types  of  tolling  or.  a  heating  surface  are  known:  nucleate  boil¬ 
ing  and  film  boiling.  In  nucleate  boiling,  bubbles  of  'orr>.  at 

different  points  on  the  heating  surfaces  (at  vaporization  nuclei). 

At  the  same  time,  most  of  the  heating  surface  Is  wetted  with  liquid 
mixing  with  released  vapor  bubbles.  As  a  consequence  of  this,  the 
rate  of  heat  transfer  to  the  liquid  Is  extremely  high.  In  film 
boiling,  vapor  forms  a  layer  separating  the  heating  surface  from  tne 
liquid  mass.  Large  bubbles  are  released  from  the  surface  of  this 
layer  as  they  go  Into  the  mass  of  the  liquid  phase. 

Because  of  low  thermal  conductivity  of  the  vapor  layer,  the  rate 
of  heat  transfer  In  film  boiling  Is  many  times  less  than  in  nucleate 
boiling.  The  appearance  of  one  or  the  other  type  of  baling  Is 
determined  by  the  magnitude  of  density  of  heat  flux  from  the 
heating  surface. 

The  conditions  for  transition  from  one  regime  (type)  of  boiling 
to  the  other,  and  the  ranges  of  these  regimes,  are  clearly  revealed 
when  we  plot  the  dependence  of  the  heat-transfer  coefficient  on  the 

I 
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heat-flux  density  or  on  the  difference  between  the  temperature  of 

the  heating  surface  and  the  saturation  temperature. 

Plgure  7-1  shows  a  typical  re 


latlonshlp  between  the  heat- trans¬ 
fer  coefficient  and  the  heat-flux 
density  £,  at  a  heating  surface  sub¬ 
merged  In  a  large  volume  of  boil¬ 
ing  liquid.  The  abruptly  rising 
left-hand  segment  of  the  curve 
expresses  the  law  of  heat  transfer 
for  nucleate  boiling.  lower 


Plgure  7-1.  Heat-transfer 
coefficient  vs.  heat-flux 
density,  boiling  of  a  large 
volume  of  water  (j>  ■  1  atm* 
abs . ) . 


curve  expresses  the  law  of  heat 
transfer  for  film  boiling.  Line  AB 
corresponds  to  the  transition 
regime. 


Regardless  of  the  process  of  heat  transfer  In  the  boiling  liq¬ 
uid  (electric  heating,  radiation,  etc.),  as  a  gradually  Increasing 
heat  flux  reaches  point  A  nucleate  boiling  Is  suddenly  converted 
into  film  boiling  (line  AC).  At  the  sane  time,  heat  transfer  de¬ 
creases  1^20  *o  1/30  of  its  original  value  sad,  correspondingly, 


the  temperature  of  the  heating  surface  rises 
With  further  Increase  in  the  heat  flux. 


sharply. 

a  stabilization  of 


film  boiling  takes  place. 

Figure  7-2  shows  photocells  of  metal  tubes  destroyed  because 
of  a  sudden  decline  In  heat  transfer  at  those  points  where  a  layer 
of  vapor  Toms  as  a  reElme  of  film  boillnc  sets  In,  while  Fig.  T-3 
show,  photographs  of  a  red-hot  heatlnc  surface  enveloped  In  a  dense 
layer  of  steam,  as  film  boillnc  of  the  water  takes  place. 

I 
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Return  to  nucleate  boiling  occurs  at  a  heat  flux  considerably 
smaller  than  that  at  which  the  regime  of  nucleate  boiling  changes 
to  a  film-boiling  regime.  In  Fig.  7-l»  point  B  corresponds  to  this 
reverse  transition. 

Thus,  the  thermal  and  hydrodynamic  phenomena  associated  with  the 
transition  from  one  regime  of  boiling  to  the  other  undergo  a  certain 
hysteresis.  We  must  speak  of  two  critical  heat-flux  densities:  first, 
that  at  which  transition  from  the  nucleate  to  the  film  regime  takes 
place,  and  second,  that  at  which  the  vapor  layer  is  destroyed. 

In  the  region  of  heat-flux  densities  lying  between  points  A  and 
B  either  regime  of  boiling  may  e.ict,  or  the  two  may  even  coexist  on 
the  very  same  heating  surface  over  a  long  period  of  time. 

In  a  number  of  cases,  when  heat  flux  builds  up  slowly,  it  is 
possible  to  prolon  •  tile  -rlti  -al  conditions,  maintaining  nucleate 
boiling  and  its  •orrespondingly  high  rate  of  heat  transfer  up  to 
values  of  exceeding  tile  normal  Tit!  cal  values  by  a  factor  of  1.5 


Flj-uiv  V--  •  Destruction  of 
metal  tubes  at  points  where 
film  boiling  o  •curred. 


Figure  .  Photograph  of  a 
red-hot  he.--.tlng  surface,  film 
boiling  of  water  under  steady 
conditions . 


at  io  *  When  the  temperature  of  the 
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T  the  maximum  heat  transfer  is  reached 

/point  A  In  Fig.  7-1  and  In  Fig. 

Fig.  7-Ji.  «  vs.  At  for 

boiling  water  at  p  "  1  atm.  7.4  where  the  data  'nave  been  re- 

abs.  (1)  electrl cheating; 

(2)  steam  heating.  processed  In  the  form  of  the  re¬ 

lation  «  =  f(  At)/,  a  further  Increase  In  At  will  begin  to  lower 
the  coefficient  of  heat  transfer  gradually,  while  simultaneously 
lowering  the  heat-flux  density.  Point  D  corresponds  to  the  establish 
ment  of  film  boiling.  With  a  further  Increase  In  the  heating-surface 
temperature,  the  rate  of  heat  transfer  changes  slowly. 


7-0.  The  Hvdrodynsmlc  Nature  of  Critical  Changes  In 
'  *  - the  Liquid  Bolling  Mechanism 

As  explained  above  there  are  two  fundamental  regimes  of  boiling: 
nucleate  boiling,  where  steam  is  generated  in  the  form  of  discrete 
bubbles  at  some  points  along  the  heating  surface;  and  film  boiling, 
where  the  heating  surface  Is  separated  from  the  liquid  mass  by  a 
continuous  layer  of  vapor. 

The  transition  from  one  regime  of  boiling  to  the  other  has  all 
the  features  of  a  critical  phenomenon  and  Is  accompanied  by  a  rad- 
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ical  change  in  the  hydrodynamic  and  thermal  conditions  e*  the  process 
of  heating-surface  cooling. 

The  examined  problem  is  also  complicated  by  the  fact  that  in 
the  boiling  mechanism  not  one  but  two  critical  changes  take  place: 
first,  formation  of  a  continuous  film  of  vapor  on  the  heating  sur¬ 
face,  and,  second,  the  disintegration  of  the  vapor  film  and  restora¬ 
tion  of  the  regime  of  nucleate  boiling. 

At  the  same  time,,  the  heat-flux  density  during  the  first  criti¬ 
cal  change  is  substantially  greater  than  during  the  second. 

Although,  with  values  of  £  about  0.6  to  0.8  £^1*  the  heat 
transfer  coefficient  for  nucleate  boiling  increases  substantially 
with  an  increase  in  heat-flux  density,  in  the  near-critical  region 
the  value  of  •  remains  constant.  This  phenomenon  can  be  explained 
by  the  fact  that  when  the  regime  is  nearly  critical,  the  vapor  satu¬ 
ration  of  the  two-phase  boundary  layer  at  the  heating  surface  is  so 
great  that  a  further  increase  in  the  rate  of  vaporization  will  in¬ 
crease  turbulence  in  the  liquid  phase  on  the  one  hand  and,  on  the 
other,  will  promote  expulsion  of  the  liquid  phase  from  the  boundary 

region. 

Within  .  certain  ranee  of  value,  of  a  these  two  opposite  proc¬ 
esses  to  son.  extent  compensate  for  each  other,  as  a  result  of  which 
the  heat-transfer  coefficient  remains  more  or  less  constant.  Finally, 
however,  the  stability  of  the  liquid  films  which  cut  through  the  two- 
phase  boundary  layer  will  be  completely  upset,  and  th.  liquid  phase 
will  become  separated  from  the  heating  surface  by  a  continuous  layer 

of  vapor. 

Thus,  a  film-boiling  regime  results  from  breakdown  of  the  stable 
two-phase  boundary  layer  which  exists  in  the  nucleate  boiling  regime 
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prior  to  thl3  change. 

In  exactly  the  same  manner,  the  two-phase  boundary  layer,  which 
consists  of  a  vapor  film  on  the  heating  surface  and  of  a  liquid  mass 
surrounding  It,  can  exist  only  as  long  as  the  kinetic  energy  of  the 
vapor  flowing  in  this  film  is  sufficient  to  keep  in  suspension  the 
masses  of  liquid  which  strive,  because  of  the  effect  of  gravity,  td 
break  down  the  vapor  layer  at  the  heating  surface. 

The  hydrodynamic  theory  of  critical  changes  in  the  mechanism 
of  boiling  oi.  a  heating  surface  was  developed  by  S.  S.  Kutateladze, 
and  explains  well  the  most  essential  points  of  this  process. 


7-3.  Derivation  of  a  Formula  for  the  First  Critical 
Heat-PIux  Penalty  for  natural  Convection  of  a  Helling  % 
liquid  (First ~~CrTt"ical  Change  m  tne  Regime  or  Boiling) 

The  hydrodynamic  regime  of  a  two-pha3e  boundary  layer  can  be 
described  by  the  equations  for  the  motion  and  the  mechanical  inter¬ 
action  of  the  flows  in  the  two  phases;  i.e.,  by  Equations  (1-16)  and 
(1-17),  written  for  a  liquid  and  a  vapor;  and  Equations  (1-21), 
(1-23)  and  (1-29).  Consequently,  the  system  of  equations  in  (5-1) 
will  also  fully  describe  the  hydrodynamics  of  a  boiling  boundary 
layer. 

Analysing  this  system  for  basic  equations,  we  assume  that: 

(1)  in  the  near-critical  regime,  the  liquid  and  vapor  are  agi¬ 
tated  to  such  an  extent  by  the  process  of  intensive  vaporization 
that  molecular  friction  can  le  disregarded; 

(?)  the  liquid-phase  velocity  is  substantially  lower  than  the 
average  vapor  velocity  near  the  heating  surface  because  of  the  fric¬ 
tional  effect  of  the  heating  surface. 

» 
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With  these  assumptions*  the  fundamental  system  of  equations, 
written  in  terms  of  averaged  values,  takes  the  form: 


«c  «<►. 


(7-1) 


here  ?  stands  for  turbulent  friction,  analogous  to  the  term 
expressing  molecular  friction; 
vi»  are  fluct-uatln^  velocity  components. 

The  examination  of  the  conditions  affecting  distribution  of 
vaporization  nuclei  in  the  civen  case  may  be  dispensed  with  since, 
in  a  near-critical  regime,  the  number  of  active  nuclei  is  so  great 
that  the  liquid  films  cutting  through  the  two-phase  boundary  layer 
may  disintegrate  at  any  point  on  the  heating  surface  between  any 
neighboring  active  nuclei.  The  system  of  equations  in  (7-1)  gives 
the  following  primary  criteria  for  similarity: 


i  *  •  *  i***! 


(7-2) 


Substituting 


V*>ci'-n 


we  obtain  a  system  of  criteria  equivalent  to  (7-2): 

I  • 
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(7-3) 


111.  «rV - ! - •  S5|. 

fir*  *iw>  •  (T'-rv  *  iv»  •  I  •  1 1 

The.,  ere  the  same  criteria  obtained  above  for  an  lnviscld  dynamic 
layer.  Such  a  coincidence  is  by  no  means  accidental:  the  boiling 
boundary  layer  differs  from  the  dynamic  layer  examined  in  Chapter  5 
only  in  the  mode  of  light-phase  generation.  Under  conditions  of- 
rree  convection  of  the  liquid,  the  velocity  of  it.  motion  and  the 
pressure  drops  are  determined  only  by  the  vaporization  procesa-l.e., 
those  quantities  are  not  among  the  conditions  uniquely  defining  a 
system.  Neither  is  the  time  factor  among  the  conditions  uniquely 
defining  the  solution  of  this  problem,  since  it  is  not  f.:'  deration 
of  the  transition  from  one  regime  of  boiling  to  the  other  that  is 
being  studied,  but  rather  the  heat-flux  density  at  chick  this  transi¬ 
tion  occurs  spontaneously.  In  such  an  event,  the  criteria  contain¬ 
ing  the  quantities  «•,  4£,  and  »  are  non-determining. 

The  velocity  of  motion  of  on.  of  the  phases  is  related  to  the 

heat-flux  density  by  Equation  (1-35).  Wiping  the  latter  ln  the  C°™ 


we  get  the  criterion 


(7-5) 


local  values  of  heat  flux  densities  at  pha’se  boundaries  are  related 
to  the  average  density  of  the  heat  flux  through  the  heating  surface 

by  the  expression 


F-TS-981 4/V 


184 


where  P  is  the  area  of  the  heating  surface; 

; ;  u  the  total  area  of  the  Interface.  In  the  examined  region 

■Z  time  interval  over  which  this  averaging  la  performed  la  ae 

lected  eo  that  the  following  condition  be  fulfilled! 


where  u  13  the  frequency  of  vapor  bubble  formation 
velocities  are  related  to  the.  heat-flux  den.lty  on 


The  true  vapor 
the  heating  sur¬ 


face  by  the  equation 


t* -*$•:*)* + $’*'*)*' 


(7-7) 


p  is  a  control  surface  passing  through  the  liquid  at  a  oar- 
tain  distance  from  the  heating  surface  and  equivalent 
to  the  latter; 

ls  the  component,  nomal  to  the  surface  ?.  of  **.  vapor 
velocity  vector; 

la  heat  flux  through  the  Ion  control  surface  due  to  heat 
conduction  averaged  convection  currents  In  the  liquid 


Hence, 
section  is 


phase . 

the  averaged  velocity  of  the  vapor  In  the  given  cross 


(7-8) 


In  similar  systems,  the  heat-flux  fields  are  similar*  !•*•« 


and,  consequently, 

. 

The  quantity  £  will  be  called  velocity  of  vaporization  and 
represents  the  volumetric  flow  rate  of  vapor  per  unit  area  of  heat¬ 
ing  surface. 

On  substitution  of  the  averaged  value  of  the  steam  velocity 
(which  is  proportional  to  the  rate  of  vaporization)  for  the  actual 
velocity  in  the  similarity  criteria,  similarity  is  assured  by  the 
equality  of  the  averaged  criteria  and  by  the  similarity  of  the  hy¬ 
drodynamic  conditions  in  the  vicinity  of  the  heating  surface  as  a 
consequence  of  the  equiprobability  of  distribution  of  the  vaporizing 

nuclei  over  the  heating  surface. 

Hereafter,  we  will  omit  the  bar  above  the  quantity  3,  in  the 

averaged  criterion  (7 "5 )  • 

Tie  magnitude  of  the  critical  heat-flux  density  in  free  convec¬ 
tion,  according  to  (7-3) ,  Is  determined  only  by  the  physical  charac 
teristioa  of  the  liquid  and  the  linear  dimensions  of  the  system,  i.e 
the  group 

<cr  |/  »?r1  »cr 

nmrn„v  eMi’-n  *V i*m  (7-9) 


l 
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ia  the  determinable  criterion,  which  Its  a  single-valued  function  of 
the  determining  criterion 


ft'-T')** 


(7-10) 


With  a  sufficiently  large  heatir/r-  surface,  when  Instability  is 
equally  probable  on  any  part  of  the  /....--phase  boundary  layer,  the 
magnitude  of  %r  need  not  depend  on  ttfee  linear  dimension  1  of  the 

system. 

A  very  large  horizontal  di3k,  wiith  its  heating  surf:.-c  urneu 
up,  provides  an  ideal  model  fully  satisfying  this  condition. 

In  such  a  case,  the  functional  nMlation  between  Criteria  (7-9) 
and  (7-10)  should  be  such  that  the  quantities  entering  into  them  will 
cancel  each  other  out.  The  following-  combination  of  criteria  cor¬ 
responds  to  this  condition 


*»»  .VI S5E — ■  !”■'  (7-11) 

here,  3cp  :  is  the  unkown  critical  heaav-flux  density  at  which 
nucleate  boiling  is  converted  into  fills  boiling. 

Since  no  determining  criterion  remains  in  System  (7-3)  after 
this  operation,  then  for  natural  convocation  and  a  process  independent 
of  the  dimensions  of  the  heating  surface  the  solution  of  the  system 

( 
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of  equation*  under  study  for  the 
will  take  the  form 


first  critical  heat-flux  density 


jsi - --A, -coni t  (7-12) 

•VifV*  v-rT 

Formula  (7-12)  ahowa  that  th.  tranaltlon  In  two-ph...  bounds 
layer  take,  place  at  a  .pacific  ratio  of  the  kinetic  energy  of  the 

stream  of  vapor  to  the  force  of  gravity. 

In  reality,  the  following  quantity  la  the  scale  of  the  kinetic 

energy  of  the  vapor  atream  at  the  heating  aurface 


iff. 


The  following  quantity  la  the  acal.  of  the  force  of  gravity  acting 
on  element,  of  th.  fluid  between  th.  bubble,  reatlng  on  the  heating 

surface 


The  square  root  of  the  ratio 
(7-11^ .  Thus  this  criterion. 


of  these  quantities  gives  us  Criterion 
because  of  its  physical  nature,  is 
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identical  v.o  Criterion  (5-7). 

If  we  take  into  account  the  influence  of  the  viscosity  of  the 
liquid  phase  then,  retaining  the  viscosity  term  in  the  equation  for 
the  motion  of  the  liquid  phase  and  reasoning  as  above,  we  will 
arrive  at  the  conclusion  that  with  natural  convection  of  the  liquid 
and  the  nondependence  of  the  process  on  the  dimensions  of  the  heat¬ 
ing  surface,  a  relationship  having  the  nature  of  a  criterion  must 
exist  in  the  following  form: 

HM-  t7-13‘ 

With  small  values  for  the  group  in  the  right  member  of  this 
formula,  when  the  Influence  of  viscosity  on  the  value  of  ^  can 
be  uiore.-arded,  we  have  a  limiting  case  expressed  by  Formula  (7-12). 

In  Table  7-1  average  values  of  group  ^  are  given  from  data 

obtained  in  a  series  of  experiments. 

Some  discrepancies  in  the  absolute  values  from  different 
experiments  can  be  explained  by  certain  differences  in  the  experimen¬ 
tal  methods  and  in  the  condition  of  the  heating  surface  as  well  as  by 

the  effect  of  the  viscosity  of  the  liquid. 

Figure  7-5  shows  the  relationship  between  the  first  critical 
heat-flux  density  and  pressure,  for  boiling  water,  calculated  from 
Formula  (7-12)  with  kx  *=  0.1'».  On  the  same  graph  are  plotted  t’>e 
results  of  Ye.  A.  Kazakova's  experiment  with  disks. 

In  this  graph  the  maximum  critical  heat-flux  density  is  clearly 
within  the  range  of  pressures  of  the  order  of  70  to  100  atm.  abs. 
Since  the  critical  pressure  for  water  is  225  atm.  abs.,  the  maximum 

t 
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Table  7-1 


Values  of  Qroup  JuInZ* 

r-rt 

Calculated  from  Experience  by  Various  Authors 


1— - — — r— 

- r 

i 

Limits  of 
variation 
of 

Boiling 

liquid 

Heating  surface 

Method  of 
heating 

saturation 

pressure. 

Si 

Author 

Nichrome,  wire 

By 

electricity 

1-115 

0.17 

Kazakova 

Water 

II 

1-30 

0.15 

Kutateladze 

♦I 

Qraphite, 
smooth  disks 

Oraphite, 

II 

It 

1-24 

0.19 

11 

If 

Parber  and 

rough  disks 

Chromel,  wire 

1-8 

0.17 

11 

Scorah 

Nickel,  wire 

n 

1-8 

0.15 

n 

II 

II 

Chrome-plated 

Condensing 

0.1-1 

0.14 

Braunllch 

copper  tube 

steam 

Akin  and 

Nickel-plated 

If 

0.15-1 

0.13 

II 

McAdams 

copper  tube 

Benzene 

Chrome-plated 

copper,  disk 

External 

electric 

heating 

1-41 

0.16 

Cichelli 
•ail-1  Bonilla 

91 

1-51 

O.io 

11 

Alcohol 

11 

11 

19-33 

0.17 

Propane 

If 

If 

2-29 

0.19 

pentane 

0.18 

H 

II 

1-15 

Heptane 

t 
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<^r  in  the  given  case  corresponds 
to  a  pressure  of  the  order  of  (0.3 
to  0.4)  .  In  the  vacuum  range 

and  in  the  range  of  near-critical 
pressures,  the  critical  heat-flux 
density  in  the  boiling  liquid  van- 


Figure  7 -5.  Relationship  be¬ 
tween  the  first  critical  heat 
flux  density  and  pressure, 
boiling  water.  'Ihe  curve 
computed  from  formula,  at 
k,  «  0.14;  the  points  from 

Ye.  A.  Kazakova's  experiments 
with  disks. 


lshes . 

Figure  7-6  shows  the  relation 
(7-13)  as  plotted  by  V.  M.  Bori- 
shan3l:iy  from  data  of  experiments 
with  various  liquids. 


Pigure  7-C.  Relation  (7-l->)  from  experimental  data. 


Prom  these  data,  one  can  assume  that 


(7-14) 
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f-ii  vrr^rt  of  the  Condition  of  the  Heating  Surface  .and 
- of  the  Method  of  Seating  on  the  Quantity  ^ 


In  some  experiments  a  rougher  heating-surface  increased  the 
critical  heat-flux  density;  this  apparently  is  associated  with  e 
greater  stability  of  che  liquid  films  when  they  adhere  to  a  rough 

surface . 

The  orientation  of  the  heating  surface  is  also  important  in  re¬ 
lation  to  the  direction  of  the  gravity  vector— namely,  for  a  hori¬ 
zontally-positioned  disk  the  value  !•••  than  for  th«  8ame  dl8k 

placed  on  edge.  This  is  explained  by  the  fact  that  on  the  lower  part 
of  the  horizontal  disk  large  vapor  bubbles  accumulate,  fdaxAitating 

the  formation  of  a  continuous  vapor  layer. 

During  boiling  in  a  horizontal  tube,  heated  from  within  by  the 

condensing  steam,  the  values  of  the  first  critical  heat-flux  density 

also  prove  to  be  markedly  lower  than  during  boiling  in  tubes  heated 

by  an  electric  current .  Thus,  in  experiments  by  Akin  and  McAdams 

a<;r  1  proved  to  be  equal  to  600,000  kcal/m2  hr  for  water  boiling  at 

atmospheric  pressure  lr.  a  copper  rule  of  D  -  13  mm,  while  for  a 

horizontal  plate  and  electrically  heated  cylinders,  the  corresponding 

2 

j  Is  more  than  1,000,000  kcal/m  hr. 

*  This  substantial  deviation  is  associated  not  only  with  some  bind¬ 
ing  of  the  vapor  bubbles  in  tne  lower  part  cf  the  tube,  but  also  with 
a  substantial  non-uniformity  of  the  heat  flux  around  the  circumference 
of  the  horizontal  tube  when  vapor  condenses  in  it.  This  non-uniformity 
is  explained  by  a  flooding,  of  the  lower  part  of  the  tube  with  condensate 
as  a  result  of  which  local  heat-flux  densities  in  the  upper  half  of  the 
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tube  can  attain  and  even  exceed  the  true  critical  densities  at  a 
relatively  low  average  heat-flux  density. 

These  circumstances  were  investigated  experimentally  in  some 
detail  by  M.  A.  Styrikovich  and  0.  M.  Polyakov.  In  particular,  this 
investigation  confirmed  the  conclusion  arrived  at  theoretically  that 
a  horizontal  plate  with  its  heating  surface  turned  upward  should  be 
used  as  a  standard  for  comparison. 


7-5.  Transition 


ialtlon  Prom  the  Fllm-Boillng  Jteglme  to  the  Bubble-Boiling 
Regime  (Second  Critical  tihange  In  the  ftolllng_Reglmg2 


Figure  7-7  shows  a  diagram  of  film  toiling  in  a  liquid  on  a 
horizontal  cylindrical  heating-surface  placed  in  a  large  volume  of 
boiling  liquid.  Figure  7-8  shows  a  photograph  of  film  boiling. 

With  heat -flux  densities  substantially  higher  than  the  second 

critical  heat-flux  density  fl^g*  the  flow  of  the  layer  18  3tabl# 
and  the  phase  boundary  appears  well-defined. 

As  the  heat  flux  decreases,  the  boundary  separating  liquid  from 
vapor  begins  to  pulsate.  At  heat-flux  densities  close  to  fl^g.  the 
vapor  layer  takes  on  an  irregular  shape  and  oscillates  vigorously. 

It  is  evident  that  the  stability  of  this  layer  substantially  de¬ 
creases. 

The  second  critical  change  (end  of  film  boiling)  is  expressed 
by  the  ultimate  disintegration  of  the  vapor  layer  and  the  establish¬ 
ment  on  the  heating  surface  of  a  pattern  characteristic  of  normal 
nucleate  boiling. 

The  hydrodynamic  situation  above  the  vapor  layer  (i.e.,  in  the 
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Figure  7-7.  Diagram  of 
film  bailing  in  a  liquid. 


Figure  7-3.  Photograph 
of  film  boiling. 


area  filled  with  the  mixture  of  bubbles  swept  away  from  thi3  layer 
and  the  liquid  bulk)  is  determined  by  the  system  of  equations  givon 
in  Section  7-3. 

By  adding  the  equation  of  the  motion  of  vapor  in  a  continuous 
layer,  we  obtain  a  system  of  equations  describing  the  motion  of  the 

two-phase  boundary  layer  in  film  boiling. 

If  we  assume  that  at  the  instant  of  the  critical  change,  owing 
to  the  pulsations  originating  in  the  vapor  layer,  the  inertial 
forces  in  the  latter  are  substantially  greater  than  the  forces  of 
molecular  friction,  then  the  equation  of  motion  of  an  uninterrupted 
layer  of  vapor  will  have  the  same  form  as  in  the  system  of  Equations 
(7-1);  i.e.,  this  system  is  also  applicable  to  the  instant  of  the 
second  critical  change  in  the  mechanism  of  boiling.  At  the  same 
time,  the  last  equation  of  the  System  (7-1)  is  applicable,  but  only 
as  a  fair  approximation,  and  in  the  present  case  indicates  that  the 

t 
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liquid  flow  velocity  at  the  boundary  of  the  vapor  film  is  small 
compared  to  the  average  vapor  velocity. 

At  moderate  pressures  (  t *  £>  *")  and  with  natural  convection 
in  the  liquid,  the  Introduction  Qf  such  simplification  of  the  problem 
appears  to  be  entirely  permissible  when  the  liquid  motion  is  fully 
controlled  by  the  motion  of  the  vapor. 

Consequently,  the  integral  of  this  system  of  equations  with 
respect  to  the  second  critical  heat-flux  density,  under  conditions  of 
natural  convection  of  the  liquid  and  nondependence  of  the  process 
on  the  dimensions  of  the  heating  surface,  also  has  a  form  identical 
to  the  Formula  (7-12).  Besides  this,  owing  to  the  difference  in  the 
original  structure  of  the  two-phase  boundary  layer,  the  value  of  the 
constant  k2  will  differ  from  the  value  of  Thu3,  inasmuch  as  the 

quantities  kj  and  k^  are  constant,  between  the  first  and  the  second 
critical  heat-flux  densities  in  the  given  liquid  a  constant  ratio 
applies,  determined  by  the  condition 

eest  (7-15) 

V«  K 

In  film  boiling,  the  interface  (and  consequently  also  the  free 
energy  of  the  two-phase  boundary  layer), are  smaller  than  in  nucleate 
boiling.  Therefore,  if  the  rate  of  vaporization  is  sufficient  for 
uniform  feeding  of  an  existing  vapor  layer,  the  latter  is  more  stable 
than  the  two-phase  boundary  layer  in  nucleate  boiling. 

The  result  of  this  is  the  experimentally  revealed  fact  that 
film  boiling  once  developed,  may  continue  at  heat-flux  densities 
smaller  than  Thus,  2'  and  the  constant  ln  Formula 

I 
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{7-?5),»  is  leas  than  unity- 

In  Pig.  7-9#  data  of  experiments  by  V.  M.  Borishanskiy  and 
S(  s.  Kutateladze  on  the  boiling  of  iso-octane  are  plotted  in  the 
coordinates  (3cr#p);  ?n  these  experiments,  both  the  first  and  the 
second  critical  heat-flux  densities  were  measured  on  the  same  heating 
surface.  These  experiments  cover  values  of  up  to  0.6;  i.e., 
both  the  region  where  the  critical  heat-flux  density  increases  with 
pressure,  and  the  region  where  it  decreases  at  critical  pressure  is 

approached. 

B>  comparing  the  two  curves,  it  can  be  established  that  the 

constancy  of  the  ratio  demanded  by  the  theory  is  generally  pre- 

*or,l 

served  within  the  whole  range  of  pressures  investigated. 

According  to  existing  experimental  data,  the  constant  in  Formula 
(7-15) ,  for  conditions  of  natural  convection  in  the  liquid,  is  of  the 

order  of  0.17  to  0.22. 


Plgure  7-9.  Effect  of  pressure  on  and 

a  in  free  conve . tion,  from  experiments 

vr,2 

with  150-octane. 


I 
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7-6.  Effect  of  a  Subcooled  Liquid  (l.e.,  Below  Saturation 
Temperature)  on  the  Critical  Heat-frlux  DenslW 


Let  us  isolate,  by  means  of  an  arbitrary  bounded  control  sur¬ 
face  F,  a  region  (of  volume  V)  of  the  vapor-liquid  mixture. 

Inside  this  isolated  region  let  discrete  volumes  of  vapor  and 
liquid  be  arbitrarily  distributed,  and  let  their  number,  their  dis¬ 
tribution,  and  the  quantity  of  material  bounded  in  the  volumes  change 
with  time. 

Tre  quantity  of  heat  brought  into  the  examined  region  is  the 
sum  of  the  chance  in  the  heat  content  of  the  vapor  and  of  the  liquid 
which  have  passed  through  surface  F ,  and  of  the  heat  which  has 
flowed  into  the  examined  volume  by  conduction.  Thus,  the  heat  balance 
over  volume  V  of  the  vapor-liquid  mixture  during  the  time  interval 
,  where  u  is  the  frequency  of  passage  of  vapor  bubbles 
through  the  surface  F,  can  bo  written  in  the  form  of  the  following 
integral  equations 


i  (ji* f,  a * 10  ~?)er* + 


(7-16) 


here  1"  »  r  +  c"  Is  the  heat  content  of  the  vapor; 

Is  t he  temperatvsre  of  the  liquid; 

*  1*  is  the  temperature  gradient; 

I  £ 

t 
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Z—  is  the  temperature  gradient; 

Q 

w*  w"  respectively  are  the  components,  normal  to  the  surface, 

-n*  -n 

of  the  instantaneous  velocities  for  the  two  phases; 
e  is  the  instantaneous. volumetric  fraction  of  vapor  in 
Region  Y* 

giver,  steady-state  conditions  and  a  heat  transfer  by  conduction, 
negligible  as  compared  to  the  transfer  by  convection.  Equation  (7-16) 
takes  the  forms 

(7-17) 

When  the  temperature  of  the  liquid  phase  in  the  examined  region 
is  less  than  saturation  temperature  (t*  >  t"),  the  heat  content  of 
the  liquid  stream  passing  through  this  region  increases  due  to  heat 
transfer  from  the  vapor;  i.e.,  the  second  term  of  Equation  (7-17)  is, 
in  this  case,  positive.  Correspondingly,  the  first  term  of  this 
equation  becomes. negative . 

The  physical  constants  of  vapor,  and  time,  are  essentially 
positive,  and  therefore  the  quantity  i»  negative;  i.e.,  in 

this  case  the  quantity  of  flowing  vapor  decreases  due  tc  condensa¬ 
tion  in  Region  V. 

At  t»  >  t",  the  reverse  effect  occurs;  ?.e.,  an  increase  in  the 
quantity  of  vapor  takes  place  as  it  passes  through  the  region  of 
superheated  liquid. 

When  vapor  bubbles  (swept  away  from  the  heating  surface  in  nu¬ 
cleate  boiling,  or  from  the  vapor  layer  in  film  boiling)  rise,  liquid 

» 
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flows  In  to  fill  the  volume  left  by  the  bubbles .  As  a  consequence 
of  the  resulting  internal  circulation  in  the  liquid,  part  of  it 
shifts  from  the  core  of  the  stream  toward  the  boiling  boundary  layer. 

If  the  liquid  is  fed  from  the  core  of  the  .  stream  which  is  below 
the  saturation  temperature,  then  in  the  region  of  the  boiling 
boundary  layer,  a  process  of  vapor  condensation  takes  place,  affecting 
the  structure  of  this  layer. 

It  may  be  assumed  that  the  peculiarities  brought  into  the  struc¬ 
ture  of  the  boiling  boundary  layer  by  intrusion  of  cold  masses  of 
liquid  from  the  core  of  the  stream  are  determined  by  the  change  in 
fraction  of  vapor  in  this  region  due  to  vapor  condensation. 

In  that  case,  the  corresponding  determining  criterion  can  be 
obtained  from  the  balance  equation  (7-16),  written  over  the  region 
where  the  examined  process  takes  place.  This  equation  gives  the 
following  criteria  of  similarity: 

?)'  (7-18) 

In  we  11 -developed  turbulent  flow  »  and  the  second  criter¬ 

ion  can  also  he  omitted  from  the  analysis.  The  criterion  is  re¬ 
tained  in  the  fundamental  system  of  criteria  (7-3). 

Thus,  Equation  (7-16)  introduces  only  one  additional  criterion 

-02L  to  the  system  (7-3).  In  addition,  quantity  At  should  stand 
for' the  degrees  of  subcooling  of  the  liquid  below  the  boiling  point; 
i.e.,  into  this  criterion  should  be  Introduced  the  quantity  #-t"-t' , 
where  t'  is  the  mean  temperature  in  the  core  of  the  liquid  flow. 

In  the  examined  case  we  extend  the  system  of  equations  (7-1) 

I 
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“  ”  •'  rr  ,r 

r:.; .< ~ — — -  -  7 

of  the  vanishing  or  w^. 

0l«le  the  po>al»m  _  „f  Syate«  (7-1) 

i  <*«wmiiation  of  the  problem,  the  ~as  h 
general  f-a •**»  r  ^  the  flnal  eyatem  of  the  c«t.rl. 

gives  the  simplex  »  • 
of  similarity  reduces  to  the  form: 


,  f  •’  .  -**«-! 

_ .  — l — - ;  -rr ;  T  •  ••  *  i  *  i’**  I 
h'-^n  **  1 


(7-19) 


where i  under  conddtdona  of  natural  convection,  the  1.U  three  of 

the.e  criteria  -  erdt.rU  the  heat-flux 

B,  ~  oonslderlng  onl,  the  yroceae  dnde- 

density  according  to  [ *“ 

pendent  of  the  linear  dlnenalon  of  the  ayater.,  w.  —  -  ~ 
criterional  relation: 


•  rtf 


■(*'  £)• 


(7-20) 


.  .  .hat  wlth  #  =.  0  the  condition  (7-12) 

Taking  into  consideration  that  with 

„  ,  (7_20)  the  following  form: 

applies*  we  can  Give  Relation  (7-20) 


- fc - ;-*{■  ■*■/(£  =  f))' 


(7-21) 
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i  fleally  the  form  of  the  function  / 

We  can  visualize  more  specifically  we 

proceeding  fro.  the  following  con. Id. ration.. 

*  order  for  a  vapor  film  to  fo»  In  a  11*U.  -  «"** 
of  which  1.  auboooled  (at  a  temperature  below  saturation),  «  1. 

■  necessary  to  transfer  through  the  heating  surface  a  <uantl  ,  o  heat 
U  1...  than  that  retired  for  giving  rise  to  the  critical  rat.  of 
vaporization  In  the  saturated  liquid  and  for  preheating  up  to  sana¬ 
tion  temperature  the  liquid  mas.  drawn  Into  the  boundary  region  from 

I  the  cold  core  of  the  flow. 

•Bie  quantity  of  liquid  drawn  into  the  boundary  region  from 
core,  when  the  latter  is  not  subcooled,  is 


4T-i' —-(!-») 


(7-22) 


'..here  .  is  th.  eo'sfflelsnt  of  recirculation  of  the  saturated  liquid 
in  the  boundary  region. 

!  Thl.  refer,  to  that  part  of  th.  Uguld  which  fill,  the  volum 
left  by  awept-away  bubbles,  and  which  does  not  com.  from  the  suteool. 
core,  but  is  displaced  rrom  adjacent  points  In  the  boundary  reg  on 

so  other  bubbles  are  formed. 

Assuming  that  when  the  degree  of  subcooling  of  th.  llguld 
suall  the  quantity  l'  remain,  unchanged,  we  can  writs: 
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+(*-■•) ^r] 


(7-23) 


here  a  -  is  critical  heat-flux  density  in  the  liquid  whose  core  is 

-*cr,  # 

sutcooled; 

a  ^  Is  the  same  in  a  liquid  fully  at  the  saturation  temperature, 
*cr,0 

other  conditions  being  equal. 

Prom  the  latter  formula  it  follows  that: 

(1)  gcr  increases  with  an  increase  ir.  the  subcooling  of  the 
liquid  (below  saturation  temperature).  11113  increase  in  the  critical 
heat-flux  density  is  determined  by  the  additional  heat  which  must  be 
spent  for  preheating  the  cold  masses  of  liquid  brought  into  the 
boundary  layer  by  circulation.  As  a  first  approximation,  3cr  is  a 
linear  function  of  *  to  the  extent  to  which  the  coefficient  of  re¬ 
circulation  is  constant  at  a  given  pressure; 

(2)  the  relative  effect  of  the  subcooling  of  the  liquid  on  the 

critical  heat-flux  density  decreases  with  an  increase  in  pressure. 
This  circumstance  is  explained  by  the  fact  that  an  increase  in 
pressure  Increases  the  density  r"  of  the  vapor,  and  decreases,  cor¬ 
respondingly,  the  number  and  dimensions  of  the  bubbles  sv;cpw  away 
from  the  surface  of  the  vapor  film.  Tn  its  turn,  the  decrease  in  the 
volume  of  the  vapor  bubbles  lessens  the  quantity  of  cold  liquid  drawn 
into  circulation  in  the  vicinity  of  the  heating  surface,  and  conse¬ 
quently  the  amount  of  heat  required  for  preheating  this  liquid  to 
saturation  temperature  lessens;  (  , 

(3)  the  proportionali  ty  factor  in  the  group  fi  *  -Z-  *8  1888  than 

unity. t 
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Some  gvt~»*n.»nfral  Data  on  the  Effect  of  a  Subcooled 
"•  Hnn  Tempera  Lure )  Liquid  on  tne  t-'lrst 


In  deriving  Formula  (7-o).  it  was  assumed  that  the  coefficient 
or  recirculation  did  not  deoend  on  the  liquid  temperature.  In  this 
case,  according  to  (7-SI),  the  quantity  (1  -  n)  le  a  function  only 

ft 

of  the  relative  density  of  vapor 


Figure  7-10.  Relative  change  in  during  boiling 

in  the  subfooied  liquid  with  natural  oonvecti^.  _ 
Al  ohol*  (1)  p*l  atm.  abs . ;  U)  £  *  <=  *tm.  abs., 
Al  0h°  H  L  5  atm.  abs.;  (  )  £  -  10  atm.  abs.; 

Waters  (5)  P  -  1  atra-  a*s>  ^  £  “  '  ^  *** '  ' 


waters  r  -  *  - :  r 

Iso-octane;  (7)  £  =  1  atm*  ab8. 


Introducing  this  dependence  into  (7-23),  we  obtain 
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(7-24) 


In  Pig.  7-10  the  experimental  data  on  for  alcohol,  vrater, 

and  iso-octane  with  natural  convection  are  plotted  on  the  coordinates 
of  Pormula  (7-24). 

The  quantity  ~  is  taken  as  a  parameter.  Prom  theca  data,  it 
may  be  oeen  quite  clearly  that: 

(1)  as  a  first  approximation,  the  linear  relationship  between 
a  and  #  quite  clearly  stands  ups 

c'# 

(2)  the  effect  of  the  group  y  ■  decreases  with  an  increase 

in  the  relative  density  of  the  vapor,  or,  which  is  the  same,  with  a 

t' 

decrease  in  the  relative  density  of  the  liquid  rp  . 

Thus,  experiment  has  confirmed  these  theoretical  deductions, 

which  are  by  no  means  evident  at  a  glance. 

The  experimental  data  given  In  Fig.  7-10  are  described  by  the 
formula 


(7-25) 


The  derivation  of  Formula  (7-23)  is  not  tied  to  any  consider¬ 
ation  of  the  magnitude  of  i.e*.  to  the  presence  or  absence  of 

a  forced  flow  of  the  liquid.  Therefore,  the  fundamental  conclusions 
on  the  character  of  this  relationship  are  of  general  value. 


t 
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Piirure  7-11.  Effect  of  subcooling  on  the 
critical  heat-flux  density  ^  for  water 

flow  In  annular  spaces  (p  <  -J2  atm.  abs.). 


Figure  7-11  shows  V.  S.  Chirkin' s  experimental  det?  the 
system  of  coordinates  of  (7-25).  These  experiments  were  conducted 
in  annular  spaces  by  heating  the  inner  core.  The  pressures  varied 
from  1  to  22  atm.  abs.  (-*4  >80),  the  water  flow  velocities  from  0.5 
to  14  m/ae<.,  the  degree  of  subeoolinc  #  from  5  to  80°  C,  the 
diameter  of  the  Seated  core  from  1  to  10  mm,  and  the  width  of  the 
annular  space  •  from  0.5  to  4.4  mm.  The  following  formula  corres¬ 
ponds  to  a  straight  line  drawn  through  the  experimental  points; 


fcr,# 


(7-26) 


The  data  of  S.  S.  Kutateladze  shown  in  Pig.  7-12  indicate  that 
with  extensive  subcooling  the  relationship  between  and  i  is 

nonlinear. 
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7  ~8 . 


Effect  of  Flow  Velocity,  Channel  Dimension 
“  and  Vapor  faction  on  the  Quantity  q^ 


Prom  (7-3)  It  follows  that  the  critical  heat  flax  at  cero  frac¬ 
tion  of  vapor  (o'  »  /r  -  0,  w"/w'  -  0)  la  a  function  of  flow  velocity 

through  the  dimensionless  parameter  w'Vei-  *"  efrect  °r  ,l5C0Sity 
1.  taker.  Into  account  In  conformity  with  (7-13).  In  the  case  of 
the  flow  of  a  vapor-lMuld  mixture,  w"/V  and  r’/  V  "  are  added  to 
the  number  of  the  determining  parameters. 

Thus,  in  a  general  form,  we  may  write 


Here  A  l/r  -  (iflow  -  £)/*  i>  the  relative  difference  between 
the  heat  content  of  the  flow  and  that  of  the  saturated  liquid. 

With  t  =  t",  the  quantity  A  l/r  is  numerically  e^ual  to  the 
mass  fraction  of  vapor  in  the  mixture,  l.e.,  it  is  the  mass  analog 

of  parameter  fi  .  With  I  <  t" ,  A  l/£  *  fe  can  alao  be  COn" 

sldered  a  "negative  fraction  of  vapor."  This  modified  version  of 

the  criterion  K  =  v/  £  A  t  was  used  in  such  a  form  by  M.  A.  Ovi¬ 
kovich,  Z.  L.  Miropol'skiy,  M.  Ye.  Shitaman,  V.  Ye.  Doroshchuck  and 
some  other  investigators . 

Under  forced  flow,  in  order  to  produce  a  continuous  vapor  film, 
it  is  necessary  to  accelerate  the  liquid  forced  out  of  the  layer 
adjoining  the  wall  to  the  velocity  of  the  core.  In  connection  with 
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Figure  7-12.  9Cp,l  vs '  f°r 
water  flew  in  a  wide  annular 
space.  (B«*l  atm.  abs.): 
(1)  w  mm/sec.;  (2)  w 
lm/sec.;  (3)  natural  con¬ 
vection  in  a  large  volume. 


this,  the  higher  the  liquid  flow 
velocity,  the  larger  the  work  re¬ 
quired  to  form  the  vapor  film.  The 
quantity  gcr  increases  accordingly 
In  Fig.  7-13  the  results  of 
experiments  with  channels  having 
wide  slits  (*  >3  mm)  are  plotted 
on  generalized  coordinates.  As 
may  be  seen,  quite  different  data 
are  in  agreement.  The  results  of 
a  short  series  of  experiments  oy 
McAdams  conform  qualitatively  to 
the  findings  of  Soviet  investi¬ 


gators,  but  their  absolute  values  are  lower. 

According  to  V.  S.  ChlrXln,  In  slit  channels  ,1th. <3  =>. 
the  quantity  9cr  decreases  approximately  In  proportion  to  the  0.7th 

power  of  I. 

The  average  line  drawn  through  the  points  in  Fig.  7-13  -s 
described  by  the  formula 


(7-28) 


The  action  of 
a  dual  character, 
fractions  of  vapt  r 


the  fraction  of  vapor  in  the  stream  cn 
At  unchanging  mass  velocity  and  rather  * 
In  the  stream,  increase  in  the  stream's 


q  has 

w  * 

mall  mass 
size  gives 


I 
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Figure  7-13.  * " 

vs.  w y  for  flow  in 

a  slit  channel.  The  inner  core 
is  heated.  Experiments  of 
Kutateladze,  d  =  0;  (1)  £  = 

»  1  atm.  abs.;  experitr-ru-a  of 
Averin  and  Kruzhllin,  d  =  0; 

(2)  p  *»  1  atm.  abs.;  (3)  £  = 

=  3  atm.  abs.;  (4)  j>  =  5  atm. 
abs.;  (5)  £  =  9  atm.  abs.; 
experiments  of  Ohirkin  and 
Yukln,  #  >  0;  (6)  £  >  22  atm. 
abs. 


an  increase  in  the  velocity  of 
the  mixture!  which  leads  to  an  in¬ 
crease  in  This  increase  is 

especially  noticeable  at  moderate 
pressures  when  an  al¬ 

ready  small  mass  fraction  of 
vapor  greatly  increases  the  spe¬ 
cific  volume  of  the  mixture.  With 
a  further  increase  in  the  fraction 
of  vanor  a  decrease  in  the  fraction 
of  water  of  the  stream  begins  to 
show. 

In  this  region  the  flow  now 
consists  of  vapor  entraining  drops 
of  liquid,  and  the  preservation  of 
the  two-phase  boundary  layer  de¬ 
pends  on  the  rate  of  collection  of 
liquid  drops  on  the  wall. 


Since  the  rate  of  this  spraying  decreases  with  a  decrease  in 
the  fraction  of  water  in  the  mixture,  the  specific  heat  flux  at 
which  deterioration  of  heat  transfer  begins  also  decreases  abruptly 
as  the  fraction  of  vapor  Increases.  However,  the  change  in  the  rate 
of  heat  transfer  in  this  region  of  vapor  fractions  should  not  be  con 
sidered  as  a  critical  change  associated  with  the  upsetting  of  the 
stability  of  the  two-phase  boundary  layer.  The  laws  governing  this 


heat-transfer  deterioration  have  not  been  Lwudied  sufficiently  as  yet; 


nevertheless,  it  can  already  be  affirmed  at  present  that  they  differ 

greatly  from  those  which  apply  in  a  large  volume  or  in  a  forced  flow 
\ 
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figure  7-1*-  )“ f ObSwd  by"M .^e^Shlt^n^Z^^ • 

vs.  specific  heat  flux  (a)*  21.5  ln  diameter  hcctwc, 

Mlropol'akiy  in  a  •^ntoM-steel  lftbeled  with  ref- 

directly  by  an  eur^-J-  ™  x>  (1>2)  £  ,  181.8 

irancc  to  relative  enthalpies  1  — ,  o  /i  L.N  «  - 

kg-force/cm^;  *.  -  O.363*  2?  =  090  kg-force/m2  sec;  (3,4)  £ 

,  2  545;  W°  =  875  kg-force/m  mc;  (5,6) 

«  183-0  kg-force/cm  ;  *  0.5^5,  "  **  2 

£  .  ifl2  kg-force/cm2;  -  0-074;  £  =  86?  kg-forc./»  «ec- 


of  a  stream  with  a  amall  fraction  of  vapor. 

Even  at  comparatively  moderate  flow  velocities  of  the  steam- 
„ater  mixture,  the  deterioration  of  the  heat  transfer  loses  It.  criti¬ 
cal  character.  Upon  reachlnc  a  definite  thermal  load,  the  •-•all  tem¬ 
perature  Increases  rapidly  but  not  by  lumps  (71c  ■  T-M)  »  thls 
peclon  one  can  no  loner  speah  even  of  a  definite  value  of  ^  but 
one  can  only  fix  that  macnltude  of  the  heat  flux  at  which  an  Increase 
in  the  wall  temperature  Is  some  specific  macnltude,  for  Instance,  50  ! 

The  examined  region  has  a  particular  significance  at  Increased 
pressures  (£_  0.5),  wen  when  an  abrupt  deterioration  of  heat 
Ecr 
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transfer  conditions  is  observed  in 


kf  f.rM/cm' 


sharply  reduced  heat  fluxes 

(3.  ^  SLcj.)  and  vaP°r  fi*actions 
x<J.l;  this  can  be  seen  in  Pig. 

7-15. 

As  the  experiments  of  M.  A. 
Styrikovlch  and  co-workers  have 


Figure  7-15.  Dependence  of 
the  critical  mass  fraction 

of  va  -or  x  on  pressure  and 
*  — cr 

on  specific  heat  flux  at  ref¬ 
erence  mass  velocity  of  the 
vapor  w"  =  ino  kg-force/m^sec ; 

(1)  £?j00,000  kcal/m2  hr; 

(2)  g  =  400,000  kcal/m"'  hr; 

(^)  3  *=  500,000  kcal/m1"  hi*; 

(4)  £  -  600,000  kcal/m2  nr. 


shovm  in  the  field  of  near-critical 
pressure,  the  phenomenon  of  a  crit¬ 
ical  change  in  heat  transfer 
during  boiling  in  tubes  acquires 
an  extremely  singular  character, 
different  from  the  phenomena  de¬ 
scribed  above.  Investigation  of 
these  specific  thermal  processes 


is  beyond  the  3cope  of  this  book. 


CHAPTER  EIQHT 

ATOMIZING  LIQUIDS  BY  SPRAY  NOZZLES 


P.-l,  Methods  of  Atomizing  Liquids  by  Spray  Nozzles 

The  atomization  ox'  liquid  la  widely  utilized  in  the  moat  diverse 
branches  of  modern  engineering:  liquid  fuel  is  burned  in  an  atomized 
form  in  different  kinds  of  combustion  systems;  hot  gases  are  cooled 
by  means  of  an  atomized  liquid  in  various  equipment  used  in  the 
chemical,  fuel,  and  other  industries;  vapor-gas  mixtures  are  obtained 

by  means  of  atomization,  etc . 

In  most  cases,  the  rate  at  which  the  pertinent  processes  takes 
place  is  determined  by  the  rate  of  evaporation  of  the  liquid,  and  by 
the  diffusion  exchange  between  the  medium  and  the  surface  of  the 
drop.  In  connection  with  this,  ability  to  obtain  atomization  with 
proper  drop  size,  knowledge  of  the  fractional  composition  of  the  drop 
size  range,  and  the  spray-density  distribution  throughout  the  cross 
section  of  the  Jet— all  these  are  of  first  rank  practical  Importance. 

At  the  present  time  two  types  of  atomizers  (spay  nozzles)  are 
used:  mechanical  and  pneumatic.  In  the  mechanical  spray  nozzles, 
the  liquid  is  fed  under  hign  pressure  (up  to  several  tens  of  atmos¬ 
pheres)  and  is  discharged  Into  a  gaseous  medium  usually  having  a 
low  flow  velocity.  In  the  pneumatic  spray  nozzles,  the  initial 
liquid  velocity  is  not  high  and  atomization  takes  place  in  the  gas 
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stream  which  entrains  the  Jet. 

Pneumatic  .P«y  nozzles  are  generally  divided  Into  «.  TP~ 

the  high -head  nozzles  (as  high  as  3  to  4  atm.)  Kith  relative  y  o 

i  o  he  of  gas  per  kg  Of  liquid), 
specific  gas  discharge  rates  (0.3  to  1.0  kg.  or  g  P 
speciiit-  6  .  ,th  relatively  high 

and  the  low-head  nozzle,  (less  than  0.1  atm.)  « 

e-  (i i  *n  10  Vcc  of  gas  per  Vcg  of  liquid), 
specific  gas  discharge  rate  (4  to  10  kg  01  g 

speci.ic  k  nauid  is  determined 

,h.  proceas  of  atomization  (breakup)  of  th.  liquid 

by  the  interaction  of  the  liquid  with  th.  .unrounding  *“_*•»* 

the  liquid  Jet,  depending  on  the  configuration  of  th.  flux  in  front 
of  and  behind  the  extmslon  orifice  of  th.  spray  nozzle. 


8-2- 

Atomization  of  a  liquid  Jet  being  discharged  frees  a  given  orifice 

into  gas-filled  space  1.  the  result  of  the  Interaction  of  the  1  qu 

.  This  interaction  is  extremely 
stream  and  the  gaseous  environment.  This  Inter. 

complex  since  ..ot  only  does  the  Jet  Itself  break  up  but  a  so 
independent  primary  drops. 

starting  conditions  for  th.  stream  under  examination  are  th 
conditions  for  Its  discharge  from  the  spray  nozzle.  These  con*, 
are  determined  by  the  geovmtrlc  conflation  of  th.  cn-mber, 
spray-nozzle  orifice,  and  the  discharge  velocity  of  th.  Jet 

jn  th.  most  general  sense,  the  process  under  con.ld.rat  on- 
any  flo.  In  a  ga.-llquld  system-la  described  by  .the  equations  o 
notion  Of  the  phase,  and  by  the  condition,  for  their  Interaction  at 
the  tounderles .  Here,  tecsv.se  of  cor.lder.bl.  velocities  of  the 
liquid  jet.  gravitational  force.  (..  co-pared  with  Inertia)  c.n  be 
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In  comparison  with  Inertia. 

Moreover,  In  the  region  where  the  breakup  process  takes  place, 
the  liquid-phase  flow  sets  up  extremely  strong  turbulent  perturbations 
in  the  surrounding  gas.  In  connection  with  this,  the  forces  of  molecu¬ 
lar  friction  in  the  gas  phase  can  al30  be  disregarded. 

Taking  into  consideration  what  was  sail  above,  w_  can  write  the 
fundamental  system. of  equations  in  the  following  form: 


-grad 


dhrlf  "<h 


(8-1) 


here,  Vj  and  v.^  are  the  fluctuating  velocity  components. 

The 3.  eqaatlms  jive  the  f.ll:»ln«  pelMry  similarity  criteria 


ul.£L.  jL.i>2;se 

|#V*  »'  p'm-  * 


(8-2) 


Considering  that 


F -73-9314  V 


213 


we  can  write  a  system  of  criteria,  strictly  equivalent  to  (8-2),  but 
containing  one  less  criterion: 


(8-3) 


Among  the  conditions  which  uniquely  define  the  examined  process 
are  the  geometric  dimensions  of  the  spray  nozzle,  flow  velocities  of 
the  phases,  and  the  physical  constants  in  the  equations  of  (8-1).  Let 
us  form,  as  usual,  combinations  from  the  criteria  in  (8-3),  so  as  to 
Isolate  the  maximum  number  of  groups  composed  only  of  quantities  that 
are  among  the  conditions  uniquely  defining  the  problem.  We  have: 


M.tz; 


* 


»Vll 

0 


«,  ml)  #1 


(8-4) 


Consequently,  the  following  system  is  equivalent  to  system  (8-3): 


four  of  these  criteria  are  determining. 
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Evidently,  the  higher  the  rate  of  the  breakup  process,  the 
greater  the  dynamic  interaction  between  the  Jet  and  the  gae .  This 
interaction  depends  on  their  relative  velocity.  Therefore,  it  is 
expedient  to  introduce  the  relative  velocity  of  the  gas  into  the 
criteria  in  (8-5)  instead  of  its  absolute  velocity: 


Taking  this  circumstance  into  account,  we  can  write  that  any 
determinable  criterion  for  the  atomization  process  in  geometrically 
similar  spray  nozzles  is  a  certain  function  of  the  following  deter¬ 
mining  dimensionless  parameters: 


(8-6) 


8-3.  Breakup  of  a  Simple  Jet 

A  liquid  Jet  discharged  into  space  begins  to  oscillate,  interacts 

with  the  surrounding  gas,  and  breaks  up  into  drops. 

in  Pig.  8-1  are  shown  photographs  of  the  discharge  of  the  liquid 
jet  into  a  gas  with  different  densities.  As  may  be  seen,  the  greater 
the  gas  density,  the  more  complete  is  the  disruption  of  the  Jet. 

Figure  8-::  shows  the  results  of  one  of  the  experiments  by  V.  1. 
Blinov  and  Ye.  L.  Peinberg  (Feynberg)  determining  the  shape  of  a  Jet 
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Pic.  8-1.  Photographs  of  a 
Jet  of  liquid  fuel  discharg- 
ing  into  air  at  various  pres¬ 
sures.  =  °-5  w*’ 

pressure  in  front  of  noxxle; 
18.6  atm.  aba.;  li  iuid  vis¬ 
cosity:  0.1-  poise;  opposing 
pressure:  (1)  0.021  atm.  abs . ; 
(2)  1  atm.  abs.;  ()  1.*  atm. 
abs.;  ('*)  7*8  atm.  abs.; 

(5)  1-1.5  atm.  abs. 


discharged  from  an  ell.Dtical  ori¬ 
fice.  The  distance  from  the  plane 
of  the  discharge  orifice  is  plotted 
as  the  abscissa  and  the  thickness 
of  the  Jet  as  the  ordinate.  As 
may  be  seen,  the  Jet  has  an  ex¬ 
tremely  pronounced. wave  character. 
The  waves  originate  at  the  exit  of 
the  no2zle,  and  are  gradually 
damped  as  they  move  away  from  the 
orifice.  Once  these  waves  have 
been  completely  damped,  unstable 
waves  begin  to  develop  whose  ampli¬ 
tude  continually  increases  along 
the  Jet  and  finally  causes  it  to 
break  up  into  drops.  The  charac¬ 


ter  of  the  oscillation  of  the  heat  depends  essentially  on  the  flow 
velocity  (all  other  conditions  being  equal).  There  exists  a 
velocity  at  which  the  stability  of  the  Jet  is  greatest  with  respect 
to  the  extent  of  its  solid  portion. 


Figure  8.'  shows  the  results  of  some  experiments  demonstrating 
how  the  length  of  the  solid  portion  of  the  water  Jet  discharged  into 
the  atmosphere  changes  with  the  head  at  the  noxzle  exit. 

As  yet  there  are  no  complete  solutions  of  the  problem  dealin^ 
with  the  breakup  of  the  Jet.  However,  a  quite  far-reaching  elabo¬ 


ration  of  it  has  been  accomplished  in  the  works  of  Rayleigh,  Weber, 
Petrov,  Kalinina,  and  others.  This  theory  is  based  on  the  concept 
that  the  Jet  breaks  up  as  a  result  of  an  upsetting  of  the  equilibrium 
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Figure  8-2.  Shape  of  a  jet  discharged 
from  an  elliptical  orifice. 


Figure  8-3.  Length  of  the  solid  portion  of  a  water  Jet 
discharged  into  the  atmosphere  vs.  head  at  the  noxtle 
exit.  Tl)  Orifice  D  •  0,68  nar.j  (2)  D  •  1.0?  mmj  (3) 

D  ■  1.2?  mm. 
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of  the  free  surface  of  liquid  under  the  effect  of  surface  tension. 

The  insignificant  initial  perturbation*  lead  to  the  formation  of  warei 
with  spontaneously  increasing  amplitude,  this  pro:ess  being  sped  up 

I 

by  additional  perturbations  due  to  the  relative  motion  cr  the  liquid 
and  the  gas. 

The  equations  of  motion  and  continuity  for  the  Jet  can  be  written 
in  terms  of  the  corresponding  fluctuating  conponenta  of  velocity  and 
pressure  in  a  cylindrical  system  of  coordinates: 


_ ±Lj.+(*L  +  *L+±  . 

9  a.  m  +  a  m  *1 


•L+*+-L-0; 


(8-7) 


here  v  ,  u  are  the  fluctuating  velocities  in  the  radial  and  axial 
directions] 

»'  is  the  fluctuating  pressure  in  the  Jet. 

The  boundary  conditions  are  written  according  to  (8-1 ),  but  in 
a  simpler  form.  In  particular,  the  tangential  stresses  on  the  Jet 
surface  are  assumed  to  equal  zero.  We  have: 


■H+fll-* 


(8-8) 
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where 


t»  is  the  fluctuating  pressure  in  the  gas; 

is  the  fluctuating  pressure  caused  by  the  forces  of 

surface  tension. 

A  particular  solution  of  this  system  of  equations  for  the  time 
changes  in  the  amplitude  of  oscillations  has  the  forms 


where  a  is  the  Increment  of  oscillations  in  the  Jet,  determined  ap¬ 
proximately  by  the  equation 


(8-9) 


here  RQ  la  the  mean  radius  of  the  Jet; 

I  „  ^  w  R  tj^e  Wave  number  (  X  is  the  wavelength  of  the 
X 

oscillations) . 

Por  oscillations  leading  to  the  breaicup  of  the  jet,  ■£  >  0. 

Then,  the  most  rapidly  increasing  oscillation  is  of  deceive  Im¬ 
portance. 

Examining  Equation  (8-9),  written  for  this,  oscillation,  ore  is 
convinced  that  it  gives  two  determining  criteria  corresponding  to  the 
first  two  criteria  of  the  system  (8-6).  Moreover,  Equation  (8-9) 
gives  nondetermining  criteria  containing  the  increment  and  the  wave 
number  of  the  oscillation  which  leads  to  the  breaicup  of  the  Jet. 

I 
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8-4.  Breakup  of  a  girdle  Prop 

The  behavior  of  a  single  drop  entrained  by  a  gas  stream  depends 
on  the  relationship  between  the  dynamic  effect  which  the  stream  haB 
on  the  drop  and  the  "strength"  of  the  drop,  which  depends  on  the 
surface  tension  and  the  viscosity  of  the  liquid.  The  interaction  of 
the  liquid  and  gas  is  generally  described  by  the  system  of  equations 
(8-1).  This  system  leads  to  four  determining  criteria  in  (8-6).  For 
a  single  drop  entrained  by  a  stream,  the  velocity  w'  drops  out  of  the 
conditions  which  uniquely  define  the  process,  and  accordingly  the 
last  two  criteria  of  the  system  (8-6)  cease  to  be  determining. 

Breakup  of  a  drop  of  a  given  diameter  begins  at  a  specific  ve¬ 
locity  of  the  entraining  stream.  This  velocity,  which  may  be  deonoted 

as  w"  ,  is  a  function  of  conditions  which  uniquely  define  the  drop 
^  CP 

breakup  process.  Among  the  latter  are  only  the  drop  diameter  and 
the  physical  constants  in  the  first  two  criteria  of  the  system  (8-6). 
Hence,  it  can  be  assumed: 


where  Dn  is  the  initU.1  drop  diameter. 

For  low-viscosity  liquids,  when  the  breakup  process  does  not 
for  all  practical  purposes  depend  on  it  follows  from  (8-10) 
that: 


(9-11) 


I 


F-TS-9814/V 


220 


(8-12) 


Ab  M.  S.  Volynskiy's  experiments  have  shown,  one  must  distinguish 
two  critical  velocities  of  the  entraining  flow-- w"cr#1»  »t  whicii  only 
single  drops  of  diameter  Dq  oegln  to  break  up,  and  w"or>2'  at  whlch 


all  drops  of  the  given  diameter  break  up. 

According  to  these  experiments,  the  Interval  where  tne  drops 

become  unstable  13  determined  by  the  Inequality 


(8-13) 


Figure  8-'t  give,  curves  ahov.-lng  the  stability  of  water  and  gaso¬ 
line  drops  In  an  air  stream  at  atmospheric  pressure. 

At  velocities  close  to  wMcr  ^  the  drop  splits  up  Into  two  almost 
equal  parts,  and  a  number  of  minute  droi  ts  are  also  formed.  At 
velocities  of  the  order  of  «"cr^  hleher,  the  drop  breaks  up  (Is 
atomised)  Into  a  ereater  number  of  drcplets  whose  diameters  are  un- 

equal  and  considerably  less  than  Dq. 

Figures  8-5  and  8-6  show  ohot^raphs  of  the  drop-split* in? 
process  obtained  by  K.  S.  Volynskiy.  Figure  8-7  shows  photographs 
of  the  drop-atoml.’.atlon  process  obtained  by  Lane.  Apparently,  at 
velocities  w"  >  v"cr,  a  flying  drop  is  drastically  distorted  into  a 
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Fieure  8-U.  The  curves  of  the  stability  of  water  and 
gasoline  drops  In  an  air  stream  of  atmospheric  pressure. 
(1)  upper  limit  of  stability;  (2)  lower  limit  of 
stability. 


Figure  8-5.  Splitting  drop. 
Castor  oils  Dq  =  3.8 
v  =  28  m/sac. 


t 


Figure  8-6.  Splitting  drop. 
Castor  Oils  Dq  =  3.8  nsm; 

v  -  35  m/sec.;  nearby,  a  drop 
In  a  phase  corresponding  to 
the  regime  when  there  is  no 
splitting. 
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Pigure  -7.  rhotogr.phs  of 
t^he  drop  at omiuatior  process. 


Pi  Eure  b'-c.  Fre  a  sure  j’.s- 
tribution  (rose1  te)  in  flow 
pa^t  a  sphere. 


body  with  a 'thin  shell  which  when 
ruptured  will  give  rise  to  a 
range  of  small  and  minute  droplets. 
The  character  of  the  gas  flow  past 
the  drop  is  the  cause  of  this 
distortion. 

During  flow  past  an  originally 
spherical  drop,  the  change  in  flow 
velocities  across  the  boundary 
layer  and  in  the  separation  region 
(Fig.  c-c)  causes  distortion  of 
the  drop  ar.d  the  subsequent  de¬ 
velopment  of  a  pressure-distribu¬ 
tion  rosette.  At  the  first  stage 
of  this  process,  "he  drops  flatten 
out  lr.  the  direction  of  the  flow, 
i.e.,  assume  the  shape  of  a  round 
flat  disk,  the  plane  of  which  is 
perpendicular  to  the  direction  of 
the  velocity  vector.  Later  on, 
distortion  becomes  more  re¬ 
nounced,  having  the  nature  of  a 
turst  and  leading  to  atomisation, 
of  the  original  drop. 


8-5 .  Mean  Drop  Diameter  In  Atomization 
by  Pneumatic  Spray  Nozzles 

As  has  been  pointed  out  above,  the  basic  characteristics  of  the 
nature  of  atomization  are  the  fractional  composition  of  the  drops  and 
the  spray  density  distribution  throughout  the  cross  section  of  the 
atomized  Jet.  The  mean  drop  diameter  is  somewhat  of  an  over-all 
characteristic  indicating  to  some  extent  the  nature  of  liquid 
atomisation  by  a  given  spray  nozzle. 

There  are  several  methods  for  determining  the  mean  drop  diameter. 
The  mean  diameter,  determined  from  the  property  of  weight,  is: 


B- 


(8-14) 


where  0<  is  the  total  weight  oi  the  drops  of  diameter 

At  the  present  time,  there  is  a  considerable  amount  of  experi¬ 
mental  research  on  different  spray  nozzles. 

In  order  to  ascertain  the  basic  laws  governing  liquid  atomization 
by  pneumatic  sprayers,  let  us  examine  the  results  of  a  very  thorough 
and  methodical  study  carried  out  by  L.  A.  Vitman,  B.  D.  Katsnel'son, 
and  M.  M.  Efros,  under  I.  I.  Paleyev's  direction. 

Figure  8-9  shows  the  relationship  between  the  relative  mean 

drop  diameter  -L  (where  D0  is  the  diameter  of  the  spray-nozzle  orifice) 

-0  , 
and  the  first  group  of  (8-6),  from  data  for  one  of  the  spray  nozzles. 

In  these  experiments,  the  air  velocity  changed  within  the  range  from 

I 
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43  to  121  m/aec . ,  and  the  liquid  velocity  within  0.55  to  2.3  m/sec. 
No  influence  of  the  relative  flow  rate  of  the  phases  yr  was  revealed 
in  these  experiments.  As  may  be  seen  from  the  graph  shown,  -he  ex¬ 
perimental  points  fall  properly  on  a  logarithmic  straight  line  with 
a  slope  n  =  -0.45.  At  the  same  time  the  distance  of  the  drops  from 
the  spray-nozzle  orifice  has  no  noticeably  appreciable  influence  on 
the  mean  drop  diameter. 


-  „  2_ 

£ 

Figure  8-9.  -g-  vs.  - j — 

from  experiments  with  pneu¬ 
matic  spray  nozzles. 


(1)  &  6 

tij  8  •  10 

n.  “ft*  5  *  10 
-i  ;2 


-4 


10“\  (2) 


;  (3) 

where  = 


The  proportionality  factor 
in  the  relation 


(3-15) 


proved  to  be  differor*  for  various 
liquids.  It  follows  from  (8-6) — 

since  the  experiments  reveal  no 

w' 

influence  of  the  parameter 
and,  consequently,  none  of  para- 

ii  »i  2 

meter  |~|  m—  --that  this  dif- 

0  w 

ference  is  determined  only  by  the 
viscosity  of  the  liquid  and  Is 
characterised  by  the  second  cri¬ 
terion  of  (8-6). 


Figure  8-10  show 3  the  relationship 


plotted  from  experiments  with  the  same  spray  nozzle.  The  viscosity 
of  the  atomized  liquids  varied  in  these  experiments  from 
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0.067  •  10”3  to  54,5  •  10-3  kg  •  sec/m2. 
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Pigure  8-10.  Generalized  relationship 

D  a"w2Dr.  n  he  **2 

between  ( - — )  ’  and  (  W  IT  * 

Ho  9  — 0 

Prom  the  data  shown,  it  may  be  seen  that  the  effect  of  viscosity 
on  the  drop  site  is  only  substantial  when 


(8-17) 


Experiments  with  a  number  of  other  spray  nozzles  (three  of  which 
are  shown  In  Pig.  f*ll)  have  confirmed  the  Indicated  laws.  The  work¬ 
ing  formulas  proposed  by  L.  A.  Vitman,  B.  D,  Katsnel'son.  and  M.  M. 
Efros  have  the  form; 


at  -{—>0.5 

p»D. 


(8-16) 
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! 


8-1) 


at  -r~<0.5  , 

»’*n. 


(8-19) 


Figure  3-11.  Sectional  view  of  spray  nozzles: 
(a)  STS-FDM-lj  (b)  STS-P0E-2J  (c)  ST3-FDB-1 


The  quantity  AQ  depends  on  the  design  of  the  spray  nozzle  (Table 


Table  8-1 


Type  of  Spray  Nozzle 

&  m 

-0 

Angle  of  cone 

STS-FDB-1 

1.2C  2.3 

28° 

STS -FOE-2 

0.90  2.8 

3O-470* 

STS-FDM-1 

(Kel 'man's) 

0.78  2.6  to  3-0 

ro 

ro 

0 

OlushaKOV* 

3 

0.75  2.3 

0 

tr\ 

01 

Two-step 

0.61  2.8 

29° 

•Depending 

on  the  size 

of  nozzle  orifice 

and  insert. 
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Thus,  the  fineness  of  liquid  atomization  by  pneumatic  sprayers 
is  approximately  inversely  proportional  to  the  square  root  of  the 
kinetic  energy  of  the  gas. 

The  relative  velocity  of  the  gas-liquid  stream  for  the  case  when 
primary  and  secondary  air  are  fed  to  the  spray  nozzle  is  calculated 
by  means  of  the  formula 


•i + -ic* 


o.  +  e, 


(8-20) 


w10  is  the  Initial  relative  velocity  between  the  primary  air  and 
the  liquid  Jet; 

w  is  the  relative  velocity  of  the  gas  liquid  stream  encounter- 
—20 

lng  the  secondary  air; 

0"  is  the  mass  flow  rate  of  primary  air; 

0"  is  the  mass  flow  rate  of  the  secondary  air. 


8-6.  Fractional  Composition  of  a  Jet 
Atomized  by  a  Pneumatic  spray  Nozzle 


The  process  of  liquid  breakup  still  continues  after  a  continuous 
Jet  has  broken  up  into  single  drops  by  the  mechanism  described  in 
Section  8—'*.  Wie  resultant  appearance  of  a  complex  breakup  mechanism 
in  a  Jet  dissolving  into  a  number  of  drops  has  a  probabilistic  charac¬ 
ter.  In  fact,  the  experimental  curves  of  fractional  distribution 
have  precisely  such  a  shape.  In  connection  with  this,  for  fractional 
(drop  size)  distribution  of  an  atomized  liquid,  one  can  adcot  the 
formula 


I 
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Picture  8-12.  Drop-size  distribution  at 
(1)  w  ■  120  m/sec  ;  (2)  w  ■  9^  m/sec; 


various  flew  rates. 
(3)  w  -  60  m/sec. 


Pigure  8-13.  Character  jrep  distribution  by  fractions  when 
atomized  by  pneumatic  spray  nozzles. 

1.15°  Engler;  i2)  l.?c  E . ;  (3)  3C  E.;  (u)  7°  E.s  (5)  l3"''E.j 
(o)  31.5'  E.;  (7)  59"  2. 
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(8-21) 


where  v  is  the  fraction  of  liquid  consisting  of  drops  of  diameter 
greater  than  ; 

m  is  a  parameter  characterizing  drop  distribution. 


Figure  8-1 Spray  density 
throughout  tr  ■  cross  section 
of  a  sheet  from  one  of  the 
pneumatic  spray  nozzles. 

<1  rj is  the  spray  den¬ 

sity;  R  is  the  distance  to 
the  axis  of  the  sheet. 


Figure  8-15.  The  shape  of  the 
sheet  for  the  STS-FOB-2  spray 
nozzle. 

x  is  the  distance  from  the 
“  orifice; 

R  is  the  distance  from  the  axis. 


Results  of  experiments  by  Vitman,  Katsnel'son,  and  Efros,  shown 
in  Fig.  8-1.',  demonstrate  that  the  experimental  points  for  a  given 
type  of  spray  nozzle  are  satisfactorily  correlated  by  the  relation 


I 
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(8-22) 


Values  of  parameter  m  for  the  spray  nozzles  examined  above  are 
shown  In  Table  8-1 . 

A  typical  spray  density  distribution  for  pneumatic  spray  nozzles 
Is  shown  In  Fig.  8-14.  Here,  by  spray  density  Is  understood  the  flow 
rate  of  liquid  through  a  unit  of  Jet  cross  section. 

The  shape  of  the  atomized  Jet  characteristic  of  noncentrifugal 
spray  nozzles  Is  shown  In  Fig.  8-15. 

8-7.  Motion  of  a  Liquid  In  the  Chamber  of  a 
Centrifugal  Spray  Nozzle 

The  condition?  necessary  for  Jet  atomization  In  mechanical  spray 
nozzles  are  created  by  suitable  organization  of  the  liquid  flow  In 
the  chamber  preceding  the  spray  nozzle  orifice.  . 

The  theory  of  the  motion  of  a  liquid  In  the  chamber  of  a  centrlfu 
gal  spray  nozzle  was  developed  by  0.  N.  Abramovich. 

A  diagram  of  a  centrifugal  spray  nozzle  Is  given  In  Fig.  8-l6. 

The  liquid  is  fed  Into  the  chamber  of  the  spray  nozzle  tangentially, 
as  a  consequence  of  which  the  stream  acquires  a  twisted  motion.  The 
nozzle  orifice  Is  s-'tuated  In  the  front  wall  of  the  spray  nozzle. 

When  the  twisted  Jet  Is  discharged  from  the  spray  nozzle,  the  effect 
of  centripetal  forces  from  the  rigid  walls  ceases,  and  the  Jet  breaks 
down  due  to  non-steady-state  oscillations.  The  drops  are  thereby- 
scattered  In  a  pattern  of  rectilinear  streams,  tangent  to  the  cylin¬ 
drical  surfaces  coaxial  with  the  spray  nozzle  orifice.  (Fig.  8-17). 
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Figure  8-16.  Diagram  of  cen-  Figure  8-17.  Sprayer  exit 
trifugal  spray  no.  zle.  orifice  cross  section. 

The  angle  •  ,  between  the  lines  of  atomization  and  the  spray- 
nozzle  axis,  is  determined  by  the  ratio  of  the  tangential  velocity 
to  the  translational  velocity  vT  in  the  exit  cross  section  of  the 
nozzle  orifice: 


•«Ua-4.  (8-23) 

K 

If  the  effect  of  friction  is  disregarded,  the  momentum  of  a 
liquid  particle  moving  relative  to  the  sprayer  axis,  will  be  constant. 
Hence, 

(8-24) 


where  wjn  is  thz  velocity  of  the  liquid  entc-ing  the  spray  nozzle; 

R*  is  the  radial  distance  from  the  spray-nozzle  axis  to  the 

liquid  particle  in  the  entrance  orifice  of  the  spray  nozzle; 
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l8  the  tangential  component  of  the  liquid  velocity  in 

the  spray-noTile  exit  orifice; 
r  la  the  radial  distance  from  the  spray  nozzle  axis  to  the 

liquid  particle  in  the  exit  orifice. 

Disregarding  the  difference  In  the  entrance  and  ec.lt  orifice 
levels  in  comparison  with  the  head,  cn  the  basis  of  the  Bernoulli 

equation  we  can  write: 

Hi,  ,  mJL\  —  +  ^5-  -  const;  (8-25) 

i’  '  ii  i'  la  ii 


hence,  takine  into  account  (8-24),  we  have 


where  H  is  the  total  head: 


(8-26) 


«-^“  + v- 

Prom  (8-26)  It  may  be  seen  that  at  the  spray-noasle  axis  (R  -  0) 

the  flow  velocity  must  go  to  Infinity  and  the  pressure  must  so  to 

minus  infinity.  Such  a  state  Is  physically  Impossible  and  hence 

there  must  bs  a  mechanism  maintaining  a  certain  pressure  at  the 

spray-no:  cle  axis.  This  pressure  cannot  be  noticeably  below  the 

pressure  In  the  gas  since  the  axial  area  of  the  stream  la  In  contact 

with  the  gaseous  medium  outside  the  spray  nozzle. 

» 
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Hence,  it  follows  that  the  central  part  of  the  spray  "ozzle 
cannot  be  filled  with  liquid  and  that  a  gaseous  vortex  with  a  pressure 
equal  to  the  gas  pressure  outside  the  spray  nozzle  will  develop  in 
that  central  portion.  The  liquid  is  discharged  from  the  spray  nozzle 
through  an  annular  cross  section  of  area 


(8-27) 


where  is  the  radius  of  the  spray-nozzJe  orifice; 
is  the  radius  of  the  gas  vortex. 

The  rilled  fraction  of  the  nozzle  (coefficient  of  the  effective 
nozzle  cross  section)  is 

% 

(8-28> 


Let  us  examine  an  elementary  annular  plane  2  v  R  dji  in  the 
nozzle-exit  cross  section.  The  change  in  pressure  along  the  nozzle 
radius  is  proportional  to  the  centrifugal  force,  i.e.. 


*  fm?  (8-29) 

*  "  f*  * 


Prom  (fl-2'i)  it  follows: 


I 
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(8-30) 


where  w'  lo  the  tangential  velocity  at  the  surface  of  the  gas 

“  V  |U 

vortex. 

Differentiating  (6-30),  substituting  the  obtained  value  of  dR 
Into  (8-29),  and  Integrating,  we  gets 

X._^_  +  c  (8-31) 

In  the  gas  vortex,  the  excess  pressure  Is  equal  to  zero,  i.e., 

-  ■— + C-0;  (8-32) 

henec 

X..2& 

r  *  V 

Combining  (6-32)  nnl  (6-26),  we  find  that 

(8-33) 

1 .e , ,  the  translational  velocity  at  the  exit  of  the  spray  nozzle  Is 
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a  constant  quantity 


Ihe  volumetric  liquid  flow  rate  through  the  spray  nozzle  is 


(8-3«) 


where  wl  -  w'  i3  veferer.ee  velocity  of  the  liquid  discharge  from  the 

“v  “Tl 

nozzle  orifice. 

On  the  other  hand, 


(8-35) 


where  R,n  5  a  the  radius  of  the  orifices  through  which  the  liquid  is 
fed  to  the  spray  nozzle;  and 
n  Is  the  number  of  these  orifices. 

Combining  (8-3';)  and  (8-35)  >  and  taking  into  consideration  (8-24), 
we  can  write  that 


(8-36) 


Q.  N.  Abramovich  assumes  as  an  approximation  that  R'  =  Sch"— In' 

where  R  .  is  the  radius  of  the  vortex  chamber. 

--cn 


i 
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The  tangential  velocity  near  the  chamber  wall  ie 


■U-* 


fIL— »*>»• 


(8-37) 


On  the  boundary  of  the  air  vortex 


.  .. 

«K  ’ 


(8-38) 


hence,  taking  into  account  (8-28),  we  get: 


W*  j ■  ^  - 


(8-39) 


Substituting  the  value  of  w^Q  from  (8— ?9 )  Into  (8-33)  and 
solving  the  obtained  equation  for  the  total  head  H,  we  find 


(8-40) 


where 


A  is  the  geometric  characteristic  of  -  ■'oray  nozzle: 

Am 


(8-41) 
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Hence, 


•,-1/317*. 


(8-41) 


where 


Is  the  spray-nozzle  coefficient  of  discharge. 

In  order  to  establish  the  relationship  between  *  and  A,  which 
are  the  fundamental  geometric  characteristics  of  the  mechanical  cen¬ 
trifugal  spray  nozzle,  0.  N.  Abramovich  introduces  the  condition  for 
maximum  rate  of  discharge  of  the  liquid  through  the  spray  nozzle 

*  (8-43) 


with  this  condition 


/.  — 


i-i 


,  V  ■» 


(8-44) 


The  volumetric  rate  of  discharge  of  the  liquid  through  the  spray 
zzle,  according  to  (8-34)  and  (8-4l),  is 
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✓  -h*8 VUH. 


(8-45) 


Flgur.  8-18  gives  the  relationship  of  the  oo.tflol.nt  of  ef¬ 
fective  cross  section  of  the  spray  ^  ^ ^ 

characteristic  A#  caicuXated  hy  using  the  first  fonnna  of  -« 

Introducing  Into  (8-23)  the  velue  of  w-,  referred  to  the  averag 

radius , 


Rrnm 


(8-46) 


1,0. ,  the  quantity 


..  .A*  (8-47) 


we  gets 


Un 


(I  +  »«-»>!  f 


(8-48) 


I 
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Figure  8-l9.  Coefficient  of  Figure  8-19.  Tan  a  and  <* 
effective  cross  section  vs .  vs.  A. 

the  geometric  characteristic 
of  the  spray  nozzle. 

Figure  3-l>  sir  ws  the  dependences  of  tan  a  and  •  on  A,  cal¬ 
culated  from  P<  rmila  ( £  -  •  *3). 

Experimental  checking  hn3  demonstrated  that  0.  M.  Abramovich's 
theory  describes  'correctly  the  basic  liquid  flew  characteristics  In 
a  centrifugal  mechanical  spray  nozzle.  However,  th.l3  theory  does  not 
take  Into  account  the  viscosity  effect  on  liquid  flow  In  the  3pray 
nozzle  and  says  n  thing  about  the  atomization  process.  These  problems 
can  be  solved  by  experiments  based  on  the  general  theoretical  propo¬ 
sitions  developed  at  the  beginning  of  this  chapter. 


8-c.  Coeff Icler.t  of  Discharge  for  a  Mechanical 
"  '~~ge_ntrrtruo;al~Sfra:.-  iTozz'l? 

In  a  general  case,  the  quantity  I,  entering  Into  Formula  (3-45), 
Is  a  function  of  th*  geometric  parameters  of  the  3pray  nozzle  and  of 
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the  criterion  of  hydrodynamic  similarity: 


(8-49) 


where  Dq  =  2Rq  is  the  diameter  of  the  spray -nozzle  orifice. 

We  will  discuss  below  the  basic  results  obtained  in  the  experi¬ 
mental  work  of  A.  0.  Blokh  and 
Ye.  S.  Kichklna.  The  experiments 
were  conducted  with  nine  spray 
nozzles  designed  as  in  Pig.  8-20. 
The  vortex-chamber  diameter  D,^  = 

-  2R  .  varied  from  3  to  >  stun,  the 
-cn 

vortex-chamber  height  h^  from  2 
to  6  mm,  the  diameter  (D^  =  25m) 
of  the  tangential  grooves  varied 
from  0.36  to  1.58  mm,  and  their 
number  from  1  to  2;  the  diameter 


Figure  8-20.  Diagram  of  ex¬ 
perimental  centrifugal  spray 
nozzle. 


(?ch  "  ?iJ  8b 


Dq  of  the  nozzle-exit  orifice 
varied  from  O.56  to  1.58  mm,  and 
the  geometric  characteristic  A  *= 


IT 
2?m 


varied  from  1.72  to  9.51.  The  experiments  were 


conducted  with  water,  solutions  ol*  glycerin  and  glycerin  soap,  gas 


oil,  and  kerosene. 

Results  of  these  experiments  relating  to  the  coefficient  of 
discharge  of  the  spray  nozzle  are  shown  in  Pig.  3-21.  It  turns  out 
that  it  may  be  assumed  with  sufficient  accuracy  that 
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**(*  I*;  *t*j. 


(8-50) 


In  the  region  Re'  <  1.6 


(8-51) 


where  f  is  taken  an-  a  function  ,f  A  from  the  curve  In  Pig.  8-l8 
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Figure  8-21.  Relation  (8-50)  from  experiments  with  mechanical 
spray  nozzles,  *A  from  Formula  (8-42). 

Water:  (1)  A  =  2762;  (2)  3.74;  (3)  4.4;  (4)  1.72;  (5)  2.12; 
(6)  2.35;  (7)  2.9;  (8)  3.q7;  (9)  9.  1;  (10)  glycerin, 

«  2.1  •  10-4  kg-force  •  sec/m2;  (11)  glycerin, 

»  29.6  •  10"4  kg-force  •  sec/m2;  (12)  gas  oil, 

»  7.84  •  10“4  kg-force  •  sec/m2;  (13)  kerosene, 

=  3.08  •  10"4  kg-force  •  sec/m2;  (14)  water, 

h  ,2 


=  l 


in 


At  Re'  >  1.6  •  104,  the  coefficient  of  discharge,  for  practical 

.i  -ch 

purposes,  depends  neither  on  viscosity  nor,  apparently,  on  -^. 


^42 
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T.igulri  Atomization  by  a  Mechanical 
Centrifugal  Spray  Nozzle 


The  gas  vortex  In  the  centrifugal  spray  nozzle  and  the  rotational 
notion  of  the  Jet  be'ng  discharged  cause  the  jet  to  acquire  the  shape 
of  a  hollow  rotational  body.  In  connection  with  this,  for  the  cen¬ 
trifugal  spray  nozzles  a  spray  density  distribution  Is  typical  In 
which  the  central  region  of  the  sheet  (the  atomized  Jet)  Is  filled 
with  a  small  quantity  of  liquid,  and  at  some  distance  from  the  axis 
the  spray  density  reaches  Its  maximum:  me  presence  of  a  certain 


'3-2"'  Relative  spray  density  distribution  during  low- 


quantity  of  liquid  in  the  central  zone  is  explained  by  the  fact  that 
individual  drops  are  carried  away  from  the  mam  Jet  because  of 
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turbulent  fluctuations. 


Figure  8-23.  Effect  of  vis¬ 
cosity  on  the  relative  spray 
density  in  atomisation  by 
mai’hanip.al  anrav  nozzles. 


(A  =4.4). 

(1)  water  (£  =  8.5  atm.  abs.s 
„  i  •  io"4  kg- force  s  sec/m2 j 


f  ,  7.3  .  10”3  kg-force/m) ; 


(2)  kerosene  (£  =  9.5  atm. 
abs.;  ■  3.02  •  10  * 
kg- force -sec/m*-; 

0  m  2.8  •  10’?  kg-force/m); 

(3)  gas  oil  (£  **  6.0  atm.  abs,; 
*  i  =  7.84  .  10’4 

kg-force* sec/m2; 

0  .  3.6  .  10’3  kg-force/m). 


Figures  8-22  and  8-23  show 

the  distribution  curves  for  rela- 

0 

tive  spray  density  *—  from  ex- 

=ev 

periments  by  A.  Q.  Blokh  and 
Ye.  S.  Kichkina.  Here  Q1/Icg/m2sec7 
is  the  local  spray  density; 
q  v/5tg/m2sec7  if  the  average  spray 
density. 

These  graphB  indicate  that 
the  structure  of  the  sheec  varies 
depending  on  the  1 -js  uie 

rate  of  liquid  discharge,  and  the 
nozzle-orifice  diameter.  For  not- 
too-viscous  liquids,  the  angle 
of  spray  remains  constant,  for 
practical  purposes,  when  the  rate 
of  liquid  discharge  varies,  and 
only  the  character  of  the  spray 
density  distribution  curve  changes. 
In  viscous  liquids,  the  rate  of 


discharge  affects  the  ancle  of  spray.  Moreover,  In  inis  case,  the 
influence  of  frictional  forces  increases,  and  a  maximum  spray  density 

builds  up  in  the  center  of  the  sheet, 

Blokh  and  Klohklna  give  the  following  empirical  formula  for 
determining  the  average  drop  diameter  In  the  .heat  projected  from 


the  centrifugal  spray  nozzle; 


I 
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1*9*1 

The  fractional  composition  of  the  sheet  can  be  determined 
according  to  Formula  (8-21),  wherein,  for  the  above-mentioned  spray 
nozzles,  m  =  2  to  2.5. 

Formula  (8-52 )  Is  applicable  for  practically  all  low-viscosity 
liquids . 

According  to  these  sane  data,  the  angle  of  spray  at  Re' >3-5  *10 

1 2  c 

and  *  3  •  10"-3  is  determined  oy  the  formula 

**.*V**wfff.tf*f.  (8-53) 

where  tan  «»  la  obtained  from  Formula  (8-8)  or  Fig.  8-19- 

At  Re'  <  3.5.  •  103  and  »  2  3  •  10*,  tan  .proves  to  depend 

"  & 

also  on  the  Re'  number.  For  this  region,  the  following  relationship 
has  been  obtained  In  experiments  with  a  spray  nozzle  of  A  -  k.U 

(8-54) 
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CHAPTER  NINE 


DROP  ENThAINMENT  BY  A  GAS  STREAM  AND 
DROP  SEPARATION  PROM  THE  STREAM 


9-1.  General  Character  of  the  Process 

When  interacting  wl*h  a  liquid,  a  gas  stream  can  partially 
entrain  this  liquid  In  the  form  of  drops.  The  resulting  Ltj,-phaae 
system  Is  to  a  greater  or  leaser  extent  unstable.  Thus,  In  a  moving 
g«s  stream  containing  drops,  a  partial  separation  (and  under  certain 
conditions,  also* a  practically  total  separation)  of  drops  from  the 
stream  on  the  walls  o^  the  channels  usually  takes  plsce. 

Both  of  these  processes,  drop  entrainment  and  separation  of  the 
liquid  In  drop  form,  are  of  great  importance  for  a  number  of  fields 
(steam  power  plants,  chemical  engineering,  food  Industry,  etc.).  In 
a  number  of  practical  applications,  It  Is  necessary  to  atomise  a 
liquid  Into  small  drops}  such  processes  were  examined  In  the  preceding 
chapter.  In  other  cases.  It  Is  often  necessary  to  ml-imlse  liquid 

drop  entrainment  by  gas  or  steam. 

In  most  englneerl-g  equipment  (steam  boilers,  evaporators, 

bubblers,  fractionating  columns),  formation  of  liquid  drops  of  vari¬ 
ous  sites  and  their  entra lumen’  by  a  gas  stream,  as  well  as  partial 
separation  of  drops  from,  a  gas  stream,  will  take  place  lr.  the  unit 
Itself*.  Special  equipment  (separators),  situated  outside  the  rair. 
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unit,  1#  also  used  for  separating  drops  from  an  entraining  stream. 

Rational  planning  of  all  these  processes  requires  a  knowledge  of 
the  basic  l.«  gowrnlnis  both  the  formation  sod  entrainment  of  liquid 
drops  by  a  gas  stream  and  the  process  of  drop  separation  from  this 

stream. 

Drop  entrainmeno  can  proceed  under  various  conditions  of  the 


interaction  of  a  g.3  stream  with  a  liquid.  Drops  entrained  when  a 
gas  bubbles  through  a  liquid  layer  and  drops  torn  away  from  a  free 
liquid  surface  by  a  gas  stream  are  the  two  main  cases,  or  lesser 
importance  in  the  process  of  drop  formation  is  the  tearing  sway,  or 
the  break-up  of  drops  when  a  liquid  jet,  or  single  drops  impinge 
against  a  liquid  surface  or  the  walls  of  equipment.  In  twu  -*^er 
case,  not  only  the  gas  and  liquid  streams  but  also  solid  bodies  will 
interact  with  these  streams.  Such  an  interaction  plays  an  important 
part  in  the  processes  of  liquid-drop  separation  from  a  stream. 

When  a  gaa  bubbles  through  a  liquid  layer,  the  burst  of  the 
shells  of  the  bubbles  coming  to  the  surface,  and  the  simultaneous 
formation  of  droplets,  give  rise  to  a  considerable  decrease  in  the 
total  interface  area,  since  the  total  surface  of  the  bubbles  which 


have  collapsed  usually  is  many  tines  greater  than  the  surface  of  the 
newly-formed  drops.  Therefore,  drop  formation  during  bubbling  cm 
te  due  not  only  to  the  kinetic  energy  of  the  gaa,  but  ^.so  to  the 

surface  energy  released  when  bubbles  burst. 

At  a  moderate  rate  of  tub! ling  (at  small  reference  gas  veloc¬ 


ities)  and  with  a  considerable  thickness 


of  the  liquid 


layer  through 


which  bubbles  rise 
the  kinetic  energy 


as  la  characteristic  of  much  engineering  equipment, 
of  the  vapor  approaching  the  surface  is  rela  ely 


„4  the  surface  energy  or  the  huhhl.  .hells  *  *—  j"* 

In  the  over-all  energy  balance.  In  fact,  the  aver 
gas  rising  in  the  dynamic  two-phase  layer  under  the  us  con 

hnil-'rs— 100  to  120  atm.  aba.— does  not  excee 
of  high-pressure  steam  boil 

0.7  m/sec.  In  low-pressure  evaporators  (E  1  atm*  a  8*  * 
quantity  is  as  high  as  2  to  3  m/sec. 

The  kinetic  energy  cf  a  bubble  is 


(9-1/ 


The  surface  energy  of  a  bubble  is 


(9-2) 


If  we  assume,  as  a  rough  estimate,  that  the  mean  bubble  diameter 

Is  D  =  3  mm  In  the  nr,t  case,  -«•*"“»  «"  "  *  ^ 

.  f.rv/n  .  l(f3  kg-force/m  ) 

for  high  pressure  boilers  (»  ~ 

^  *  a.  \o  \f~h’  £•  * 

2 

.  r#  ^  6  •  10"3  kg-force/m  ) 
for  vaporisers  ~ 

%  *  i.f  iO“V*v-,^*7°-  MrV**iK 


Thus,  under  these  conditions,  the  total  kinetic  energy 

light  phase  1.  less  «*»  the  ”lease4  SUrfBC* 

This  situation  could  not  change  substantially  if  the  nequa 
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the  verities  of  individual  bubbles  were  taken  Into  account,  eince 
with  the  usual  depth  of  the  huddling  t-c-phaa.  layer  (of  the  order  o 
100  to  200  ova),  and  with  a  perforated  plate,  huhhle  diatrihutlon 

throughout  the  whole  surface  becomes  rather  uniform. 

Only  with  very  _11  thlchnes.es  of  the  huddling  layer,  and  with 
.  comparatively  large  diameter  of  orifices  In  the  perforated  plate, 
can  the  vapor  huddle  velocity  at  the  surface  approach  it.  velocity 
in  the  orifices  of  the  plate,  l.e..  become  substantial.  In 
or  with  a  very  considerable  Increase  in  the  reference  velocity  of 
gas,  the  kinetic  energy  of  the  gas  stream  can  prove  to  he  greater 

than  the  released  surface  energy . 

UP  to  now.  there  have  teen  no  reliable  date  on  the  and 

especially,  the  fractional  composition  of  drops  tearing  away  from 
the  eurf.ee  of  the  huddling  layers.  Therefore,  It  is  Imposslb  e 
to  calculate  the  total  surface  of  the  huddles  and  to  estimate  t  .e 
efficiency  of  the  break-up  preo.se.  Keverthelees,  we  can 
that  only  a  small  part  of  the  rel.ased  energy  goea.lnto  forming  - 
crop..  Here  the  relative  roles  played  by  kinetic  and  surface 
w  not  even  correspond  to  the  relations  given  nbove  if  the  degre-s 
of  their  utilisation  will  differ.  Anyway,  with  increasing  gas  ref  - 
.no.  velocity  the  drop  generation  1.  det.rmined  to  an  e.er-greacer 
degree  hy  the  kinetic  energy  of  the  gas  stream..  At  suf-ic len  ^y 
great  values  of  wj  this  process  approaches,  in  it.  -actsr, 

atomisation  of  a  llguld  by  gas  jets. 

gfter  their  fetation,  the  drops  move  with  fairly  consldersdl 

evsam  *-n  rise  in  a  practically  motion 
initial  velocity  which  can  cause  them  .o 

,  „  _.,t  Haight,  For  example,  K.  A.  Blinov  observed  -hat 

leas  gaa  to  a  £reat  neiGnv'* 
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dr  pn  .,;er0  ejected  In  atmospheric  iir  to  more  than  2  m  above  the 
bubbling  layer  'f  water.  However,  such  a  height  Is  reached  only  by 
Individual  drop."  that  have  the  greatest  velocity,  and  a  nearly 
vertical  direction  '  f  flight  at  the  Instant  of  their  break  off;  and 
the  bulk  of  the  r’rops  Is  ejected  to  a  considerably  lesser  height  (FI 
9-1).  At  low  gas  densities  (air  at  atmospheric  pressure,  for  ex¬ 
ample),  th-  heigh’  of  ascent  (the  "ejection")  -f  relatively  large 


Figure  ..-l.  Pn.  t.  graph  .  f  trajectories  cl‘  ejected 
drops  due  tv  the  e.  llapalng  -  f  air  buboles  or.  trie 
water1  layer  surface 


,i;.  p.i  ir  jet ermlrv  r ,  f  r  practical  rrrp.ses,  nly  iy  t..e  u.reot-:n 
f  th-  Initial  vel  cl:.,  veet  r.  A:  nig:.  densities,  .  r  l-r 
very  small  ir  rs,  resistance  f  t:.e  medium  begins  t:  clay  a 
n  tlceahle  ro  le.  Tnns,  r  •example,  f.r  dr.p*  C.2  aa  Ir.  dlamete: 
flying  up  vertically  at  an  Initial  velocity  :f  2  a  sec.  In  m:ti:nU 
steam,  the  height  .  f  ascent  decreases  fr.m  22C  ma  at  s  -  1  atm.  afci 


-To V 


7 


»» 


-  'Jmt  A9j^)>  V  10  ^  at  B 

F'.p  practical  rurnoses ,  gas 


may  be 


small  values  ' f  w£  '-nl>' 
'.nts  arc  ,un*  the  effect 


Ah  considerable 

f  t:.e  gas  velcci 


ons 

gas 

ty 


idered  motionless  a 
velocities  we  must 
proper  on  the  heign 


d rr  p  ascent . 


SifthTii  ,ufd 

_  .•  nit-'  gar  v«l  oity  Increases  t:.e  t. 

TiiO  pre;  enc-*  .  •  1  .  •**-  ^ 

..  c..  • ■< '>•»:"' -tanco  takes  on 

.  .  •»  oil  ♦  •  l"  p.  .  * n* ^ 

•  t  arci-r.t  •  all  *•  » 

,  u-c  m-'S  o :mmer.  urate 

•  nr.*  ’.a  1  !mr  rtanc  -  .-.n<n.  ■•••  •*-•••--  ■’  -C 

•elo-ltv  of  settling  Of  the  drop  (ace  Ch-Pter  •). 


reaching  the  top  of  the  column,  the  drops  are  entrained  m  the  gas 
outlet  pipes  or,  in  some  Instances,  partially  separate  on  tr.e  celling 

surface. 

In  those  cases-  where  the  drops  which  are  carried  -along  to  the 
top  of  the  equipment  are  partially  separated  In  the  gas  outlet  Instal¬ 
lations,  this  process  should  be  examined  separately,  together  with 
the  process  of  drop  separation  from  the  stream  In  special  separators. 

Separators  usually  work  on  the  principle  of  drop  precipitation 
on  a  wetted  surface  with  a  subsequent  run-off  of  the  forming  liquid 
film.  Spray*  separators  a^e  extremely  diversified,  both  In  their 
design  and  In  fundamental  layout. 


9-2.  Mechanism  > .  f  Prep  F-rmatlcn  on  the  Surface 
cf  a  Dynamic  Two-Pnase  Layer 

As  has  been  Indicated  above,  at  moderate  rates  of  bubbling  a 
fundamental  role  In  drop  formation  is  played  by  the  burst  cf  the 
bubble  shells  on  .the  surface  of  the  dynamic  twe-phase  layer.  A  high¬ 
speed  motion  picture  photograph  shows  that  a3  a  babbxc  rises  to  the 
surface  the  liquid  raised  by  It  runs  off  from  the  formed  shperical 
cap,  and  the  liquid  film  gradually  becomes  thinner.  Finally,  at  the 
highest  point  of  the  shperical  cap,  an  opening  Is  formed;  the  forces 
of  surface  tension  become  unbalanced  and  the  opening  wiuen3  faster 
(Fig.  9-3). 

When  the  Interface  Is  clean,  the  film  Is  usually  drawn  Into  the 
bulk  cf  the  liquid,  and  the  cavity  on  the  surface  Is  filled  with 


The  term 
entrainment  cf 
but  als  >  s.me 
entrained,  may 


"spray"  nere  and  further  on  refers  to  the  drop-wise 
anv  liquid  by  a  gas  stream.  Net  only  a  gas  or  vapor, 
other  liquid  that" is  relatively  lighter  than  the  liquid 
act  as  the  entraining  medium. 
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liquid  rushing  toward  its  center.  As  a  result,  an  annular  wave  is 
formed,  which,  on  closing,  causes  a  column  of  liquid  to  splash  upward; 
one  or  more  drops  may  break  off  once  more  from  this  column  (Fig.  9-9). 
In  other  cases,  the  collapse  of  the  3hell  is  accompanied  by  the  appear 
ance  on  its  surface  of  a  series  of  ruptures,  with  film  fragments 
separating  from  the  liquid  mass  and  coagulating  into  separate  drops. 
The  last  form  of  collapse  is  especially  characteristic  of  an  impure 
Interface  when  the  bubble  snell,  prior  to  its  rupture,  succeeds  -.n 
attaining  a  small  thickness  along  the  entire  surface  of  its  spherical 
cap,  and  not  Just  at  Its  peak.  At  t*v>  same  time,  a  considerable 
number  of  minute  "transportal  le"  drops  are  formed  which  are  easily 
entraine  1  even  at  1  w  upward  velocities  ot  vapor. 

The  pattern  described  above  was  observed  in  the  collapse  of 
single  bubbles.  In  the  case  of  a  high  rate  of  bubbling,  interaction 
devel  ps.  botw-en  adjacent  c  liarsing  bubbles.  This  Interaction  can 
lead  t>.  c  ns Idorably  higher  rates  of  drvp  formation,  due  Doth  to  the 
Interference  of  the  generated  waves  and  to  an  easier  brea*c-up  of  the 
simultaneously  bursting  films  of  adjacent  bubbles. 


As  the  rate  if  bubbling  increases,  the  kinetic  energy  of  the  gas 


begins  to  play  an  ever-greater  part,  and  at  very  high  w^J,  the  drop 
formation  process  begins  to  approach  the  process  whereby  a  liquid 
breaks  up  in  a  rapid  stream  of  gas.  In  this  case,  formation  of  large 
drops  entrained  by  the  gas  stream  out  of  the  two-phase  layer  increases 
radically.  Finally,  the  increase  in  the  rate  of  bubbling  leads  to  a 
complete  washing  out  of  the  two-phase  layer  and  to  the  entrainment  of 
the  entire  heavy  phase. 


9-3 .  Motion  of  Drops  Tom  Away  from 
the  Surface  ln~a  das  Stream 

Liquid  drops  torn  away  from  the  surface  of  the  bubbling  layer 
can  be  of  widely  different  sizes— from  fairly  large,  1  to  2  mm  In 
diameter  to  extremely  small,  of  the  order  of  several  microns.  The 
initial  velocity  of  the  drops,  especially  that  of  small  drops,  also 
varies,  within  considerable  limits,  sometimes  reaching  magnitudes  ex¬ 
ceeding  by  many  times  the  velocity  of  their  free  fall,  i.e.,  their 
"settling"  velocity. 

At  the  initial  stage  of  their  trajectory,  the  drops  may  rise  with 
a  velocity  considerably  exceeding  the  upward  velocity  of  the  gas.  In 
such  a  case,  the  drop  motion  is  noticeably  slowed  down  by  the  drag  of 
the  medium.  This  slowing  down  is  especially  pronounced  for  small  drops, 

and  at  high  gas  density. 

As  the  upward  velocity  decreases,  the  drag  of  the  medium  decreases 
rapidly,  and  at  w'o  ^  wj  it  becomes  negative;  i.e.,  the  gas  stream 

begins  to  entrain  the  drop  upwards. 

If  the  gas  velocity  w^  exceeds  the  settling  velocity  of  the  drop, 
the  drop  will  be  carried  upwards  by  the  gas  to  an  unlimited  height 
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(completely  transportable  drops).  If  2!o'  the  drop'  liavln? 

lost  its  Initial  energy,  begins  to  fall  with  a  velocity  equal  to 
-  vl.  The  maximum  height  to  which  such  drops  rise  depends  on  the  ver- 

"V 

tlcal  component  of  the  Initial  velocity  of  the  drops  °n  the 

settling  velocity  w'B@t,  and  on  the  uPward  velocity  of  the  vapor  w£. 

When  ~ o  (laree  ^ops  at  low  upward  velocity  of  the  gas), 

the  height  of  ascent  of  the  drop  depends  only  slightly  on  w£  (region 

of  nearly  complete  ejection) .  On  the  other  hand,  when  the  quantities 

w  and  w"  come  closer,  the  height  of  ascent  will  be  determined  al- 
— set  — 0 

most  entirely  by  the  value  of  w^  (region  of  transportation). 

The  probability  of  a  collision  and  agglomeration  of  drops  is  low 
because  of  their  extremely  small  concentration  by  volume  in  the  gas 
stream.  The  probability  that  the  drops  will  break  up  In  the  stream 
Is  also  slight  since  tne  drops  are  small  and  the  velocities  of  the  gas 
low.  Consequently,  for  all  practical  purposes,  the  influence  of  both 
these  factors  may  be  neglected  (with  the  exception,  perhaps,  of  the 
case— rarely  encountered  In  engineering  equipment— where  the  moisture 
content  of  the  stream  Is  high,  or  the  case  ’where  such  apparatuses 

operate  at  nearly  critical  pressures). 

In  a  saturated  vapor-liquid  system,  the  evaporation  of  small  drops 
within  the  vapor  stream  may  play  a  certain  role  in  connection  vM  uh  the 
increased  curvature  of  their  surface.  This  evaporation  leads  to  the 
supercooling  of  the  vapor  which.  In  its  turn,  slows  the  process  of 
evaporation.  On  the  ether  hand,  the  supercooled  vapor  begins  to 
condense  on  the  largest  drops  in  the  gas  stream,  or  on  the  liquid  films 
covering  the  walls  of  the  equipment.  Thus,  the  polydlsperse  system 
of  drops  In  a  vapor  stream  is  thermodynamically  unstable,  and,  provided 
it  remains  undisturbed  for  a  sufficient  length  of  time,  all  the  drops 
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must  collect  on  the  surface  of  leaet  curv.ture~th.  cell,  of  the 

In  large-sited  equipment,  condensation  on  the  walls  can  be  sub- 

stantlal  only  for  the  tone  near  the  walls.  In  the  rest  of  the 

stream,  condensation  will  take  place  on  the  large  drops, 

,U1  increase  up  to  a  site  where  (w.et  >  *&>.  *"*  ‘'S1"’ 

fall.  As  a  result,  provided  the  gas  remains  In  the  liquid  for  a. 

-v,  n<.  ,  sme  even  ln  an  unlimited  cross  section  of 
sufficient  length  of  time,  e 

the  apparatus,  the  gas  stream  should  become  completely  free  of  r o  s. 
I„  practice,  this  process  occurs  slowly,  and  at  the  usual  length  of 

time  the  gas  stays  In  the  column  (0.3  *e  1  sec  at  1  atm.  «•.  « >  J 

os.  ^  \  its  role  is  evidently  not  TfUS 

to  30  sec  at  180  atm.  dbs.), 

hv  A  A  Andre yevskly  and  Ya.  0.  Vinokur, 
was  verified  by  experiments  by  A.  A.  Anar  y 

.  ns  23  to  30  sec  at  1  atm.  abs. 
Who  brought  the  time  of  stay  as  high  as  25 

(1  e  30  to  60  times  the  usual  length  of  time).  At  the  eame  time, 
not  only  imposelbl.  to  obtain  nearly  complete  condensation, 

■  out  the  ueual  character  of  the  laws  governing  the  proces.  o.  drop 
entrainment  did  not  vary  at  all. 


9--- 

1  rather  large  amount  of  experimental  data  on  drop  entrainment 
by  a  gaa  stream  le  available.  However,  only  the  date  obtained  In 
recent  years  by  use  of  the  newest  method,  of  measurement  (by  mean. 
*  radioactive  Isotope..  In  the  first  place)  ere  reliable  In  t  e 
most  interesting  range  of  small  coefficients  of  entrainment: 


10 


-6 


V.  coefficient  of  entrelnment  le  expre.sed  ..  follow.: 

256 


to 
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wh^re  X0[  is  the  to’-al  weight  of  drops  arid  0"  is  the  weight  of  gas. 
For  a  vapor-llq  -ld  s;  stem 


where  x  is  the  fraction  of  liquid  in  the  vapor. 

Such  low  entrainment  coefficients  are  of  great  importance, 
particularly  in  modern  steam  power  installations  where  it  is  nec- 
cessary  to  obtain  steam  containing  no  more  than  1*10  7  of  non-vola¬ 
tile  impurities  from  water  containing  a  considerable  fraction  of 


salts. 

Requirements  are  still  higher  in  nuclear  electric  power  plants, 
where,  in  evaporating  radioactive  wastes,  it  is  necessary  to  ensure 
that  the  fraction  of  salts  in  the  vapor  is  not  more  than  10  of 
the  fraction  of  salts  in  the  boiling  water,  and  in  homogeneous 
boiler  reactors — even  less.  In  order  to  obtain  these  degrees  of 
vapor  purification  one  must  resort  to  scrubbing  the  vapor  with  con¬ 
densate.  However,  values  of  «  of  the  order  of  10"6  and  even  10-7 
can  also  be  obtained  by  purely  hydrodynamic  means.  The  data  on  gas- 
liquid  systems  are  fewer,  and  a3  a  rule  the  data  are  reliable  only 
in  a  region  of  relatively  high  entrainment  coefficients  «.»  (tf  the 

order  of  10"2  to  10"^). 

At  present  the  most  detailed  investigation  has  been  made  of  a 
one-dimensional  flow  diagram  of  2  vertical  columns  of  constant  cross 
section  above  a  liquid  layer  through  which  vapor  is  bubbled.  In 
this  case,  the  process  is  described  both  by  quantities  determining 
the  hydrodynamics  of  the  two-phase  layer  and  by  quantities  determin¬ 
ing  the  performance  of  the  vapor  space  of  the  column.  Of  the  latter 


I 
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quantities  only  the  geometrical  ones-the  height  Hcjl  of  the  vapor 
ap.ee  of  the  column,  and  It.  diameter  D^j-are  not  among  the  qua¬ 
lities  characterizing  the  performance  of  the  two-phase  layer.  More¬ 
over,  the  quantity  Is  Important  for  the  processes  taking  place 

in  the  vapor  space. 

When  the  ratio  of  the  column  diameter  D,,0l  to  Its  height 
1.  great  enough,  the  Influence  of  the  side  walls  can  be  neglected, 
and  accordingly  2cci  •*»  »•  eliminated  from  the  number  of  the  lmpor 


tant  quantities. 

The  height  of  the  vapor  space  In  the  column  can  be  considered 
.a  a  design  quantity  (for  example,  from  the  perforated-plate  level 
to  the  column  top).  Nevertheless,  It  Is  more  rational  *•-"  ’-«*«'  the 
height  of  the  vapor-gas  space  from  the  actual  surface  of  the  dynamic 
two-phase  layer  -  l.e.,  to  allow  for  a  decrease  In  the  height  of  the 


vapor  space  due  to  uwel line  • 

The  assumption  of  the  actual  height  of  the  vapor  space  Hj0l  as 
.  fundamental  quantity  makes  It  easier  to  bring  out  the  Influence  of 
the  change  In  the  parameters  of  the  bubbling  layer  a,  a  generator  of 
drop  spray,  and  of  the  vapor  space  as  the  separator  of  this  spray. 

Complete  separation  of  the  functions  of  these  two  part,  of  the 
bubbler  would  require  measuring  the  quantity  of  liquid  to...  a-ay 


from  the  surface,  an  extremely  difficult  measurement  to  accomplish. 
Nevertheless,  some  Idea  of  the  part  played  by  the  separator  space 
can  be  visualized  by  re  get  once  to  data  rrom  experiments  by  Bartolomey- 

conducted  with  various  heights  of  the  vapor  space. 

,  .  .  a_  na-  q_k  it  5.3  apparent  that  an  increase 

Prom  the  data  shown  in  Fie.  9-0,  u 

1„  r  from  2S0  to  700  mm  decreased  the  entrainment  coefficient 
fro^lb  to  0.0007$;  l.e.,  to  leas  than  1/200  of  It.  Initial  value. 


F-TS-9S1VV 


258 


In  other  words,  the  top  of  a  column  700  rm  high  was  reached  by 
less  than  0.5 £  of  all  the  drops  rising  from  the  true  level  to  a  height 
of  280  nun;  i.e.,  considerably  less  than  0.5$f  of  the  amount  of  liquid 
torn  away  from  the  two-phase  layer  surface. 

Thus,  under  nonnal  conditions  the  bulk  of  the  liquid  worn  away 
from  the  bubbled  layer  surface  falls  back  on  this  layer,  and  only 
a  very  small  part  of  the  drops  reach  the  top  of  the  vapor  space. 

In  a  series  of  experimental  columns,  the  spray  was  partially  se- 


Figuro  9-- 1 .  Fraction  of  water  in  3team 
H"  of  vr-*or' space  for  various  +  ,  and 
—col  *  - 

city  w£  -  O.32  m/seo.:  pressure:  1  atm 


vs.  actual  weight 
at  constant  velo- 

abs. 
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parated  In  the  vapor-collecting  equipment  and  returned  to  the  cc.'-umn. 
In  such  cases,  the  column  is  tested,  strictly  speaking,  together  with 
the  auxiliary  separator,  whose  features  affect  the  over-aU  result  of 
the  investigation.  Therefore,  it  is  more  accurate  to  conduct  experi¬ 
ments  with  a  vapor-collecting  equipment  design  in  which  all  the  spray 
reaching  the  top  of  the  column  would  be  drawn  off  with  vapor. 

Investigation  of  the  fractional  composition  of  the  drops  rising 
to  one  height  or  anotner,  depending  on  the  velocity  of  the  light- 
phase  stream,  are  of  particular  value  for  evaluating  roles  played 
by  individual  factors  in  the  over-all  drop  entrainment. 

Basically,  such  investigations  have  been  conducted  only  for  an 
air-water  system  at  a  pressure  close  to  1  atm.  abs.  As  -’v?  -ta  **on 


these  investigations  indicate,  at  small  jJ,  as  a  rule,  large  drops 
are  ejected  to  a  comparatively  low  height,  and  only  with  a  consid¬ 
erable  increase  in  the  velocity  of  the  light  phase  dees  the  height 
to  whih  large  drops  are  ejected  increase.  Thus,  according  to 
K.  A.  Blinov's  data,  the  maximum  height  of  ejection  amounts  to  only 
300  mm  at  -  0.24  m/sec,  attains  500  mm  at  w£  =  0.4  m/sec,  and 

reaches  700  mm  at  w£  -  0.55  m/sec. 

Therefore,  even  with  an  extremely  small  height  of  the  vapor 
■pace  (200  nun),  but  at  low  gas  velocities  (w£  =  0.1  m/sec.),  it  is 
mostly  the  smallest  drops  transportable  by  the  stream  -Mch  are  en¬ 
trained;  as  gas  velocity  increases*  so  does  the  role  of  ejection, 
and  even  at  =  0.3  m/sec  a  considerable  fraction  of  the  entrain¬ 
ment  consists  of  drops  whose  settling  velocity  is  greater  than  the 
upward  velocity  of  the  stream. 

The  fraction  of  transported  drops  in  the  total  weight  of  all  the 
entrained  spray  is  shown  in  Pig.  9-6  from  data  by  0.  M.  Yusova. 
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Despite  the  scarcity  of  ex- 


Figure  9-6.  Fraction  of 
transported  drops  (w ge t  <£  w^) 

in  the  total  entrained  mas3. 
Air -water  system;  tea  20°; 

£«il  atm.  abs.;  (1)  H^ol  = 

=  400  mm;  (2)  Hjjol  =  200  mm. 


perimental  material,  it  may  be 
seen  that  at  *  200  mm  half 
of  the  drops  are  entrained  by 
their  ejection,  starting  from 
Wq  -  0.60  m/sec.  At  the  same 
time,  at  H£ol  “  400  mm,  the  de¬ 
cisive  predominance  of  transported 
drops  (95  to  98%)  is  also  main¬ 
tained  at  w£  -  0.6  m/s*c  ,  parti¬ 
cularly  if  it  is  taken  into  account 
that  the  maximum  upward  velocity 


of  the  gas  somewhat  exceeds  the  mean  velocity  (the  points  falling 

outside  the  line  at  H"  ,  =  400  mm  are  the  result  of  the  presence 

— col 

of  only  single  large  drops  in  acme  tests  and,  thus  of  considerable 
deviation  in  computing  their  fraction  in  the  over-all  entrainment). 
Thus,  at  small  velocities  and  moderate  heights,  the  total  entrain¬ 
ment  is  basically  determined  by  the  presence  of  minute  spray  parti¬ 


cles  capable  of  being  tansported  by  the  gas  stream. 

With  an  increase  in  w£,  the  number  of  large  rtrops  and  the 
height  of  their  ejection  both  rapidly  increase;  accordingly,  in  thi3 
region  one  should  expect  a  rapid  increase  in  entrainment  with  an  in¬ 
crease  in  the  load,  and  a  sharp  decrease  'n  the  entrainment  with  an 

increase  in  H"  , .  However,  even  at  high  gas  velocities,  the  influ- 
—col 

ence  of  the  height  of  the  column  is  probably  significant  only  up  to 
certain  values  of  H£ol  >  H^*Ct,  entrainnient  need  not  depend  on 


H" 

2cor 
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It  should  be  noted  that  only  single  drops  are  ejected  to  the 

dictum  height.  Therefore,  the  role  played  by  the  transported  drop. 

. .  „eject 

now  becomes  dominant  at  heights  considerably  less  than  . 

According  to  K.  A.  BlinoV  s"  data  the  transport  of  water  drops 
by  air  at  atmospheric  pressure  accounts  for  the  overwhelming  part  of 
the  entrainment  at  *^ol  =  500  to  BOO  mm,  even  at  w£  *  1  m/sec  ,  when 
the  maximum  height  of  drop  ejection  exceeds  1000  mm. 

Experimental  data  on  the  over-all  coefficients  of  drop  entrain¬ 
ment  are  most  complete  for  the  steam-water  system.  For  this  system, 
the  relationship  between  the  entrainment  coefficient  and  the  load 
on  the  vaporisation  surface  R*  AW  hi-./,  or  steam  velocity  w£ 
/m/sec./,  has  been  studied  for  an  extremely  wide  range  entrain¬ 
ment  coefficients— from  ?-10~6  to  1*10  . 

Regardless  of  the  existence  of  some  discrepancies  in  the  data 
of  individual  research  workers,  one  can  affirm  that  in  the  region  of 
small  w£  the  entrainment  coefficient  Increases  very  slowly  with  load, 

especially  at  great  heights  of  the  vapor  space. 

Thus,  according  to  M.  A.  Styrikovich,  G.  Ye  Kholodovskiy,  and 
Ya.  0.  Vinokur  (Fig.  9-7),  at  atmospheric  pressure  and  witty  change 

in  wjj  from  0.02  to  0.1  m/sec  and  H£ol  >  500  mm,  «  ~  ’  * 

With  a  further  increase  in  w$,  the  entrainment  wcfi^A-ni.  in¬ 
creases  in  proportion  to  w£,  reaching  approximately  C.oo^  at  w£  = 

=  1  m/sec. 

These  data  are  also  oonflmed  by  reoent  studies  at  TsKTI  /"cen¬ 
tral  Scientific  nesearch  Institute  for  Boilers  and  Turbines?  (Yu.  V. 
Zenkevich  and  A.  A.  Andrcyevskiy),  the  experimental  points  of  uhlch 

are  plotted  In  the  same  figure  (Fie*  9-7). 

.With  a  further  Increase  In  wj,  the  experimental  coefficient 
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beglna  to  Increase  considerably  faster,  approximately  proportionally 

t0  ^t  lesser  helr.hu  of  the  vapor  space  (Eol  =  300  to  400  mm),  the 
entrainment,  coefficient  depends  more  3tronGly  on  w£:  ^  ^ 
for  values  of  *  =  0.0004  to  0.004*.  «  ~  ("o^5 
for  the  ranc<t  «  =  0.004  to  0.04:»,  «  ^  ()*o) 

With  a  further  increase  in  vapor  velocity  the  ex,,  ter.',  in 
creases  as  much  as  3  to  4-fold,  while  at  entrainment  coefficients 
„  =  0.2*,  It  increases  6  to  8-fold  and  above. 

Analogous  relationships  are  also  obtained  at  hiCher  vapor  pres- 

aures.  The  relationship  -  -  £(«.)  ^  3hown  in  Pls‘  9"S  f°r  Pre3_ 
sures  of  17,  91.  and  110  atm.  abs.,  according  to  L.  3.  Sternum's 

data  fit  H^ol  =  ‘300  to  o 00  mm. 


P-TS-9814/V 


The  relationship  »  ~  *£3  spiles  at  constant  valtes  of  g0l 
in  the  .  range  between  0.003  to  0.004  and  0.04  to  0.1*.  At  large 
.  (from  0.05  to  0.1*  to  a.  high  as  0.5  to  0.7*)  the  entrainment 
coefficient  Increases  proportionally  to  the  6.5  to  7th  power  of  the 
velocity  of  the  steam. 


■MiSSiiiii 


Isr'riil' 
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°OmPfi6Snio1’4e.0tLf ‘fond  1'  fjL  ^17^?  abs.; 
abs.,  and  l^pace ,  d  p  =  91  atm.  abs.  Dot- 

Lrfnf:  ^welllnfdisrccarded;  solid  line,  swelling  tahcn 

Into  account. 

Analogous  data  for  a  pressure  of  165  atm.  abs.  at  H^l  -  800  mm, 
reveal  a  region  of  very  slight  dependence  of  the  entrainment  coeffi¬ 
cient  on  the  load  (w  ~  £•*)-**  —  3’  Bt  1  =bS- 

,11  data  indicated  above  were  obtained  at  a  considerable  thlcw- 

icq  to  250  dot) .  Therefore,  ior 
ness  of  the  bubbling  &lay  "  150  °  1 

,  h"  whe  geometric  character¬ 

ise  identic? i  true  vapor-spa*.*.  he^Gh. 

.  ...  ,  /n  #  \  heve  no  noticeable  effect  on 

iatics  of  the  perforated  pia.e  (D,  * 

the  quantity  of  spray  entrained  by  vapor  (gas). 

The  influence  of  the  bubbling-layer  thickness  hlay  i'3elf  l3» 
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Of  course ,  also  negligible  at  a  constant  true  height  of  the  vapor 

On  the  other  hand,  at  small  values  of  hlay  -  5  to  50  mm,  uhlch 
„  characteristic  of  bubble  columns  In  the  chemical  Industry,  the 
Influence  of  the  change  In  hlay  end  of  the  design  parameters  o.  h. 
perforated  paste  (  fi>  on  the  entrainment  1.  rather  cons  era  . 

The  effect  of  the  true  height  of  the  vapor  space  <°ther 

conditions  being  comparable)  ha.  not  been  thoroughly 

According  to  H.  A.  Styrlkovlch  and  Bartolomey  (Pigs.  9-5 
9.9)  at  1  atm.  abs..  as  Sol  Increases  at  wj  -  const,  a  rapid  de¬ 
crease  In  the  entrainment  coefficient  Is  noticeable,  which  in  the 

ev/a  hp  exDr^sed  approximately  by  the 

range  H£ol  =  250  to  500  mm,  can  be  P  - 

\-6  At  H  >  550  mm  the  influence  ui 

relationship  -  ^(Seol*  •  .urtitiv 

,  its  increase  over  700  mm  will  slightly 

height  weakens  markedly,  and  Us  in 

.  -rooficient  This  relationship,  revealed  a. 
affect  the  entrainment  coefficient.  Tin 

s  .  0.65  m/sec,  is  preserved  qualitatively  also  at  other  value 

According  to  V.  A.  Kolokof  t.eV  s  experiments  (E  -  1.3  *-• 
ahs.).  a  much  weaker  relationship  between  .  end  £ol  1.  rovea  e 
I  .  eu  H"i),  but  this  also  becomes  very  weak  at  H  >  500  mm. 
qualitatively  analogous  relat.on.hlp  was  obtained  by  K.  A.  Blinov 
at  .  pressure  of  9  -tm.  abs.  In  a  colusm  large  1»  diameter  (NO  -> 
at  small  steam  velocities.  According  to  T.  ».  M-guloVa,  tbl. 
relationship  has  an  analogous  character  also  at  high  P—  <  « 
to  185  atm.  abs.).  Accord-ng  to  t.  S.  Steman,  at  P«»^res 
to  110  atm.  abs..  within  the  height  range  from  450  to  .00  mm,  - 
relationship  between  entrainment  and  height  take,  the  f« 
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Kljrure  9-9.  Salt  entrainment  coefficient  vs.  true  height  of 
vapor  apace  for  various  volumetric  fractions  of  steam  and  at 

a  constant  load,  =  2300  *W  hr;  h_ay  =  120  mm;  (1)  360  mm; 

■  ;  (5)  610  mm;  (6)  660  mm; 


(j)  Hi'C  mm;  (■)  5^  mm;  (-’0  560  mm 

I  —  —  i*-  1 —  *»  lA  *1  ♦*  fVld 


760  mm.  Values  of  *&y  at  the  points  are  Indicated  in  p 
centages . 


This  relationship  applies  In  that,  range  of  changes  in  the  entrain- 
lent  coefficient  where  the  latter  Increases  approximately  at  the 


cube  of  vapor  velocity. 

It  can  be  stated  that  on  the  whole.  In  the  area  of  high  entrain¬ 
ment  coefficients,  the  Influence  of  height  is  apparently  somewhat 


1 


;t'6 
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stronger  than  at  small  «  when  the  entrainment  occurs  basically  by 
means  of  transport. 

The  increased  effect  of  height  is  also  noticeable  at  3mall  dia¬ 
meters  of  the  column,  probably  in  connection  with  moisture  separation 
on  the  walls . 

Of  great  practical  interest  is  the  dependence  of  the  entrainment 
coefficient  on  the  pnysical  parameters  of  the  liquid  and  of  the  gas, 
l.e.,  on  pressure  (boiling  point)  in  the  case  of  a  water-steam 
system.  In  practice,  the  most  significant  relationship  is  that  be¬ 
tween  pressure  and  the  equivalent  velocity  o"  the  vapor;  i.e.,  that 
velocity  at  which  the  entrainment  coefficient  remains  constant  at  all 
pressures 


This  relationship  can  be  single-valued  only  in  that  region  of 
change  In  the  variables  where  the  relationship  between  the  entrain¬ 
ment  coefficients  and  the  vapor  velocity  bears  an  Identical  character 
for  all  pressures. 

TCiu3  for  the  region  of  medium  entrainment  coefficients  (  «  = 

-  0.2  to  0.1^),  for  which  t*  ^  wli^  the  relationship  between  v'.'  and 

u  -u,«4 

the  pressure  can  be  represented  by  Curve  a_  in  Fig.  9-10,  assuming 
w  at  1  atm.  ab3.  to  be  unity. 

At  smaller  entrainment  coefficients— i.e.,  in  the  region  described 

by  the  empirical  equation  «^w!!— the  relationship  between  w"  and 

~o  — 0 , eq 

pressure  will  be  expressed  less  strongly  (Curve  b).  In  the  region  of 
high  entrainment  coefficients  where  to  ^ ,  the  relationship 

I 
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between  wj>e,  end  pressure  Is  still  weaker  (Curve  u). 


9-«-  coefflo,;nts;M  itbeuT4 

ing  taken  Into  account.  Solid  line.  58pace 
dashed  line:  hspace  -  8::2  t0  8Cs 

As  la  apparent  from  what  ha3  been  said  above,  the  bs''e  r-latlon- 
shlps  established  are  essentially  qualitative  even  for  the  most 
highly  studied  water-steam  system,  quantitative  discrepancies  be¬ 
tween  individual  Investigations  are  quite  considerable  In  a  number 
or  eases.  This  Is  explained  both  by  the  complexity  of  the  pheno¬ 
menon  and  the  dependence  of  the  entrainment  coefficient  on  many 
parameters,  as  well  as  by  the  fact  that  only  recently  have  methods 
of  measurement  been  developed  which  are  sufficiently  sensitive  for 
determining  very  low  values  of  this  coefficient. 

An  important  role  Is  played  also  by  the  fact  that  reiiaeie 
measurement  of  the  actual  height  of  the  vapor  space  (te-lng  Into 
account  the  swelling  of  the  layer)  became  possible,  especially  at 

high  pressures,  only  In  recent  years. 

Very  substantial  discrepancies  can  also  occur  due  to  changes  In 
the  strength  characteristics  of  the  bubble  shells,  associated  with 
the  presence  In  the  water  of  Impurities  of  one  kind  or  another.  This 
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factor  especially  affects  the  regions  of  small  entralnme.'t  coef¬ 
ficients  when  the  great  bulk  of  the  entrainment  consists  of  minute 
transported  drops --products  of  the  collapse  of  bubble  shells.  Un¬ 
fortunately,  at  this  time,  there  exists  no  reliable  criterion  for 
evaluating  the  Influence  of  surface-active  Impurities,  which*  even 
when  present  In  very  small  concentrations  In  the  liquid,  can  exert  a 
very  great  Influence  on  the  structure  of  the  bubble  sheila. 

In  engineering  equipment  built  from  common  grades  of  steel,  the 
presence  of  finely  dispersed  slime  In  the  water  of  one  of  the  layers 
also  exerts  a  considerable  Influence. 

The  Influence  of  these  Impurities  on  the  character  of  the 
"swelling”  of  the  dynamic  two-phase  layer  has  already  been  mentioned 

in  Chapter  r-. 

The  Influence  of  the  salt  content  on  the  entrainment  of  spray  by 
vapor  Is  not  great  In  the  region  or  moderate  salt  content,  but  It  In¬ 
creases  strongly  In  a  certain  range  of  concentration  changes  In  the 
same  range  where  the  conditions  of  operation  of  the  bubbling  layer  of 
water  vary  sharply. 

The  effect  of  this  factor  Is  well  Illustrated  In  Fig.  9-9»  which 
shows  the  dependence  of  the  entrainment  coefficient  on  the  vapor- 
space  height  and  on  the  mean  vapor  fraction  ¥  In  the  two-phase  layer 
at  a  constant  vapor  velocity.  The  change  In  the  average  fraction  of 
vapor  which,  for  a  give:-,  column  design,  vapor  velocity,  and  pressure  , 
depends  cnly  on  the  properties  of  the  water,  characterizes  most 
objectively  the  state  of  the  layer. 

In  Fig.  9-9  the  values  *  -  0.4  correspond  to  that  region  of 
small  fractions  (Sbw*  <  1000  mg/kg)  where  a  change  In  the  concentration 

- s - 

foiling  water. 


F-TS-9314/V 


269 


<-«  *hlv  affect-  neither  the  layer  swelling  nor 

of  the  solution  noticeab  y  greatest  values  of 

#  On  the  other  hand,  tne  grw 

the  entralnmen.  of  „ual  to 

,  xhlch  at  a  given  vapor  velocity  (wQ  -  0.64  n/s 

*  ,,  that  region  of  high  fractions  cf  aa_-c 

~  trj  correspond  to  that  reg 

*m  °*67'  ^  ^or^ase  in  the  concentration 

>  10 #000  «Ae)  further  lncr,!aB,  _ 

(5b"  ,  .  lon  for  ali  practical  purpoeoo,  affect,  neither  th 

of  the  solution,  ror  aj.j.  p* 

uyer  meiun£  n°rt7n  rri:— <  *  -*i- 

*■  is  apparent  in  Fig*  4#^. 

ilt  (  >  10,000)  is  many  times  greater  na 
^  fractions  o  ^  ,  000).  The  difference  is 

values  of  «  at  small  concentrate  -  -  „ 

,  m  the  region  of  large  vapor-space  heights  ^rue 
especially  great  in  t  is  due  to  the 

.  ^  ...  Vi j t  ir  of  the  entrainment  is  au 

=  500  to  700  mm)  where  the  bul 

r  minute  drops  transported  by  vapor, 
presence  of  minute  or  p  entrain- 

!n  the  region  of  snail  heights  -  where  the  - 

of  larccr  drops  vlhlch  caral0t  e"tr° 

"“t  '  .  the  vapor,  but  reach  the  top  of  the  column  due  to 

upward  velocity  of  the  >alt  content 

their  initial  velocity  ("ejection  )  -  the  r 

18  COnSlderi;blJ  H  -  500  to  700  the  entrainment 

Actually  the  region  ^  ^  ^  ^  nlsher. 

ratl°  *  ’  ’  •  ht  „  .  ,00  -  it  only  amount,  to  .tout  ».  >~ 

"h11'  7  »  sufficiently  Croat,  however.  and  cogently 

the  latter  figure  dnrreases  quite  consider- 

Ph.  entrant  due  ^  not  uulte  , 

aWy  with  increased  ^  ^  „rt  of  minute  drops. 

«ch  as  the  en  ra  •  e..MrlBCnts  with  a  variable  fraction 

It  should  be  noted  that  In  e..per  reproducl- 

.  „  lt  l3  very  difficult  to  obtain  a  reliab  - 
of  salts  in  wa  smllest  changes  in  concentration  of  in- 

biiity  of  the  resu  .  „  dlBtort  the  dependence  of 

purities,  especiaxly  oigani 
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entrainment  and  swelling  on  the  fraction  of  salt.  particularly  In  the 
range  of  email  value,  of  the  latter.  Dm  dependence  on  *  1>  consider¬ 
ably  more  stable;  apparently  this  quantity  well  characterises  precise¬ 
ly  those  properties  of  the  solution  which  are  Important  for  the  drop 

entrainment  process. 

Unfortunately,  very  few  Investigations  of  entrainment  have  been 
mage  up  to  the  present  time  with  a  reliable  determination  of  7. 

Under  conditions  of  o  "foaming"  liquid,  this  requires  that  radioscopy 
be  carried  out  over  the  whole  cross  section  of  the  layer  -  since, 
with  5  changing  continuously  over  the  cross  section  In  these  cases, 
other  methods  of  measuring  »  do  not  give  reliable  results. 


g_5.  Stripping  of  the  Li  iuld  Film 

separation  of  liquid  drops  from  the  gas  stream  can  be  due  to 

turbulent  fluctuations  ^nd  to  centrical  forces. 

The  so-called  linear  separator  is  the  most  simplified  separator, 
being  based  entirely  on  the  transfer  of  drops  by  turbulent  fluctuations 
end  their  precipitation  on  the  wetted  wall.  In  Its  simplest  form, 
this  separator  Is  a  long  straight  tube  In  which  the  ga.  flow  entrain¬ 
ing  liquid  drops  is  moving.  As  a  result  of  turbulent  fluctuations 
in  the  gas  stream,  single  drops  travel  In  a  radial  direction.  After 
reaching  the  wall  of  the  tube  wetted  by  the  given  Uqulu,  the  drops 
settle  on  It  and  form  a  continuous  liquid  film,  further  separation 
takes  place  on  the  surface  of  the  moving  liquid  film. 

Liquid  films  form  on  the  effective  surfaces  (baffles,  cyclone 
walls,  etc.)  of  other  types  of  separators  as  well. 

I„e  process  of  separation  continues  until  the  gas  stream  begins 
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tc  tear  the  liquid  a.a,  from  the  film  surface;  l.e.,  until  the  pro¬ 
cess  of  seconder,  wetting  of  the  gas  stream  crises. 

Examining  conditions  under  .hlch  drops  are  torn  ...»  »,  the 
«„  stream  from  a  free  liquid  surface,  It  Is  «a„  to  prove  that  the 
character  of  the  Interacting  forces  under  these  conditions  does  not 
differ  from  the  process  of  structural  change  In  the  t.o-phas.  boundary 

lajer. 

In  this  connection,  Yu.  V.  Lablnskly  noticed  that  S.  S. 

„  To  1 7  n)  is  also  applicable  In  the  given  case  If 
Kutateladze's  formula  (7-13)  is  aiPQ  vv 

1  9.  hv  the  velocity  w*,  analogous 

Me  replace  the  vaporization  velocity  vy?  y 

to  (1-28).* 

,s  concerns  linear  tubular  separators  on  the  besla  of  .  . 

Ramzln 's  experiments,  It  can  te  assumed  that  the  critical  gas  velocity 
(et  .hlch  secondary  wetting  begins)  Is  determined  hy  the  for. ,1. 


i.i 


(9-*) 


Conversion  of  critical  loads  of  a  given  type  of  separator  to 
various  pressures  may  be  carried  out  by  means  of  the  formula 


See  also  Criterion  (5-7). 
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Yu.  V.  Labinskly  has  shown  on  the  basis  of  experimental  data 
the  applicability  of  Formula  (9-iO  to  the  design  of  a  number  of 
separation  devices . 


I 
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chapter  ten 


SOME  PROBLEMS  IN  EXPERIMENTAL  TECHNIQUE 

10-1.  «»....re»ent  of  LljUld-Tirop  Entr'j  lnment 

Measurement  of  Uquld-drop  en, raiment  by  a  ESS  (vapor)  can  be 
conducted  by  various  methods.  However,  Tor  this  a  test  sample  Iron 
t„e  stream  with  a  subsequent  determination  of  the  fraction  of  liquid 
in  the  sample  is  almost  always  required.  Therefore,  It  is  neces¬ 
sary  to  e.  amine  separately  both  the  problem  of  obtaining  a  repre¬ 
sentative  sample  and  that  of  determining  the  respective  fraction,  of 
liquid  and  gas  In.  the  samnle . 

m  obtaining  a  representative  sample  accurately  characterizing 
the  mean  ratio  of  gas  and  liquid  in  the  stream,  very  great  difficul¬ 
ties  are  encountered  in  any  t.o-phase  system.  In  selecting  a  sample 
directly  from  the  column,  it  is  necessary,  as  Is  well  ***>.• 
to  fix  the  axis  of  the  sampling  tube  in  the  direction  of  flow  and  to 
maintain  at  the  tube  entrance  a  velocity  equal  to  the  flow  velocity. 
Moreover.  In  locating  the  sampling  tube  in  an  ascending  flow  there 
,s  always  the  danger  that  the  drops  collecting  on  the  Inside  surface 

n tube  Win  drip  back  into  the  stream.  With  a  Ion  up- 
of  the  sampling  tube  ni-i  U1 

ward  velocity,  this  Is  very  difficult  to  avoid. 

n  is  still  more  difficult  to  set  up  an  accurate  sampling  from 

t 
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outlet  tubes,  since,  when  a  gas  (vapor)  containing  drops  ol  liquid 
moves  in  tubes,  these  drops  collect  rapidly  on  the  inside  surface 
of  the  tubes,  and  the  test  sample  from  the  core  of  the  stream  will 
provide  a  fraction  of  liquid  that  is  too  low. 

Tne  most  accurate  results  are  obtained  in  test  sampling  by 
means  of  a  small  tube  placed  at  the  opening  of  the  sampling  tube 
(Fig.  10-1 j,  where  drops  have  not  yet  been  able  to  collect  on  the 
walls.  Results  are  less  accurate  if  special  devices  are  placed  In 
the  tube  which  strip  the  film  away  from  the  walls  and  the  test 


Figure  10-1.  Diagram  of  a 
spray-sampling  device j  (a) 
te3t  sampling  at  entrance  >.  f 
vapor  outlet  tube;  (b)  device 
with  ft  TsKTI  mixer. 


Figure  10-2.  Diagram  cf  va¬ 
por  cutlet  cf  test  column  in 
experiments  by  Andreyevskiy 
and  Zenkevich:  (l)  condensers 
(2)  steam  Jacket;  (3)  heat 
Insulation. 


sample  Is  taken  directly  behind 
to  take  Into  account  the  errors 
homogeneous  distribution  of  the 


these  devices.  In  this  case  one  has 
associated  with  the  pronounced  non¬ 
drop?  throughout  the  cross  section 


of  the  flow,  and  the  fact  that  the  velocity  cf  these  Jo.cs  differs 


greatly  from  the  velocity  of  the  vapor  stream. 
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Similar  errors  also  arise 
when  all  the  vapor  containing 
drops  escapes  along  the  outlet 
up-tube  with  low  velocities. 

Figure  10-2  shows  two  al¬ 
ternatives  for  vapor  withdrawal 
from  the  column,  which  were  u>ed 
in  experiments  by  Andreyev skiy 
and  Zenkevich,  while  Fig.  10-3 
shows  the  results  obtained  in 
these  experiments. 

As  is  apparent 


10_3  (Curve  a),  when  one  uaca  a  very  Ion,-,  up-tube  o f  conalderane 
diameter  (dj  -  ,6  -).  the  entrainment  coefficient  la  many  time, 
lower  than  for  a  ahort  uptake  aeetlon  of  email  diameter  (4ln  -  *. 

Curve  b),  alnce  the  creat  bulk  of  the  apray  tarried  out  of  the 
column'aeparatea  on  the  tube  walla  and  dritblea  back  Into  the  eolumn. 
Only  when  the  veloelty  In  the  outlet  tube  reaohea  approximately 
11  m/aec  (wj  In  eolumn  -  0.22  m/aec)  doea  the  entrainment  b.gln  to 
lnereaae  eonalderably  due  to  re-entralnment  by  the  gaa  atream  of 
p„t  of  the  apray  .operated  on  the  wall  of  the  vapor  tuoe. 

It  la  poaalble  to  avoid  error,  aaaoclated  with  tea.  aampllng 
of  the  two-phaac  flow  If,  prior  to  aampllnc,  the  entire  atream  la 

eonverted  Into  a  alncle-phaae  abate.  '-he  11<t‘14 

entrainment  by  vapor,  oondenalnc  (at  atmospheric  preaaure)  at  temp¬ 
erature.  higher  than  room  temperature,  thl.  at.t.  1.  ..ally 
beeauae  the  entire  atream  la  cooled  to  a  temperature  below  the  noma. 

boiling  point.  I-  la  “  c3nVSrt  th*  ^ 
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into  a  single-phase  one  by  evaporation  of  the  liquid  phase  and  by 
sampling  from  the  vapor-gas  mixture.  The  disadvantage  of  both 
methods  is  the  necessity  to  remove  or  add  a  considerable  quantity  of 


heat;  this,  in  high-capacity  apparatuses,  requires  the  installation 
of  large  heat  exchangers.  Prevention  of  drop  separation  on  the  walls 
of  the  devices  for  test  sampling  or  gas  withdrawal  from  the  apparatus 
is  essential.  When  we  work  with  vapors  which  condense  above  room 
temperatures,  the  drops  are  swept  away  by  the  stream  of  condensate, 
and  it  is  only  necessary  to  prevent  them  from  dribbling  back  into  the 
apparatus .  For  this,  the  stream  withdrawn  from  the  apparatus  should 
be  aimed  down  so  that  the-  drops  can  be  entrained  by  the  stream;  Fig. 
10-4  serves  as  an  example  of  such  a  device,  showing  a  column  used  in 
experiments  by  M.  A.  Styrlkovich,  *a.  0.  Vinokur,  and  G. 

Bartolomey. 


_IPJ,  i-n  jf  experimental  column  with  vspjr 

fa  *»■>■  raw  iw  m  *«#■ 

sampler. 
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It  may  be  seen  from  Fig.  1<M  that  the  flow,  after  having 
reached  the  top,  heads  downward  along  the  side  channels,  and  the 
drops  separated  on  the  surface  of  the  top  also  dribble  Into  the 

side  channels. 

•  Preventing  the  drops  from  collecting  along  the  path  Is  con¬ 
siderably  more  difficult  when  the  gas  used  will  not  condense  under 
ordinary  conditions.  In  this  case,  great  numbers  of  drops  collect¬ 
ing  on  the  walls  of  the  conduit  can  accumulate,  and  only  In  the 
case  of  a  very  long  experiment  will  a  state  of  equilibrium  be 

attained. 

The  errors  associated  with  drops  collecting  on  the  conduit  walls 
are  particularly  great  whenever  the  quantity  of  liquid  entrained  by 
the  gas  is  measured  by  the  fraction  In  the  stream  of  some  substance 
dissolved  In  the  liiuld.  In  these  cases,  partial  evaporation  of 
the  liquid  drops  settled  on  the  conduit  walls  and  the  collecting 
along  the  ondult  of  err  great  quantities  of  the  substance  acting 

as  a  tracer  of  the  entrainment  may  occur. 

Considerable  time  can  be  saved  In  the  experiment  by  thoroughly 
"flushing  down"  the  downta.ce  conduit. 

Actual  measurement  of  the  fraction  of  liquid  In  drop  form  In 
the  gas  flow  leaving  the  apparatus  can  be  conducted  by  various 
methods.  When  the  fraction  of  liquid  is  considerable,  this  amount 
can  be  determined  by  measuring  the  heat  content  of  the  mixture.  In 
experiments  with  llquld-vapor  systems  of  the  same  liquid  we  may  con¬ 
dense  the  vapor,  measure  the  discharge  of  the  condensate,  Its  temper¬ 
ature.  and  the  amount  of  heat  liberated  per  hour  -and  hence  to  de¬ 
termine  the  heat  content  and  thereby  also  the  liquid  fraction  In  the 
mixture.  This  method  Is  useful  only  for  very  high  liquid  fractions, 
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when  the  heat  content  of  the  mixture  Is  substantially  belc’"  the 
heat  content  of  the  dry  vapor. 

Kith  low  fractions  of  liquid  the  method  of  preheating  a  wet 
vapor  prior  to  it3  superheating  Is  more  accurate,  since  In  this  case 
It  Is  sufficient  to  superheat  the  vapor  by  a  few  degrees;  thus,  a 
larger  fraction  of  the  total  heat  supply  will  be  expended  for  vapor¬ 
izing  the  spray.  In  a  well-organized  calorimetric  measurement  of  the 
flow,  when  the  error  In  the  heat  balance  over  the  calorimeter  is  re¬ 
duced  to  approximately  2#  of  the  supplied  heat.  It  Is  possible  by 
this  means  to  measure  a  liquid  fraction  of  the  order  of  0.2#  with 
relative  precision  (10#  error)  in  a  water-steam  system,  for  example, 
at  1  atm.  abs.  However,  this  requires  that  the  measurements  be  care¬ 
fully  conducted  (superheat  must  be  maintained  on  a  level  not  exceed¬ 
ing  <.'°C,  temperature  must  be  measured  with  a  precision  of  up  to 
hundredths  of  a  degree  flow  rate  up  to  fractions  of  1  per  cent,  etc.) 
and  may  be  .achieved  only  If  the  vapor  flow  rate  through  the  calori¬ 
meter  Is  so  considerable  that  it3  heat  losses  are  relatively  small. 

Formerly,  a  method  of  throttling  the  vapor  sample  down  to  a 
pressure  of  1  atm.  abs.  was  often  used,  suitable  for  steam  at  Initial 
pressures  up  to  100  atm.  abs.  (at  m  £  •.#)  and  even  up  to  120  atm.  abs. 
(at  »  #1#).  With  greater  liquid  fractions  and  pressures,  and  when 
throttling  down  to  1  atm.  abs.  is  used,  the  vapor  does  not  become 
superheated.  The  method  of  throttling  13  very  simple,  but  heat  losses 
to  the  surroundings — and  the  difficulties  In  preventing  them  by  com¬ 
pensatory  heating,  due  to  sharp  temperature  variations  along  the  path 
of  the  vapor- -make  this  method  unsuitable  in  practice  for  any  precise 
measurement  of  less  than  0.2  to  0..1#  liquid  water  in  steam. 
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When  working  with  llquld~pemunent-ga=  s^.tena  (the  liquid 

of  ,hloh  is,  ror  practical  purpose.,  non  volatile  In  the  ga=)  ». 

1  Lectl,  measure  the  amount  of  entrained  liquid  after  It.  ..pe- 

7  the  flow  At  high  entrainment  coefficient.,  thl.  =.pa- 

Tn  meted  mechanically,  hut  with  .mall  liquid  frac 

:rr  hTotream  the  error.  ...delated  with  Incomplete  collection 
tlcns  in  tne  *  3eparation 

of  the  drop,  in  separators  »  ^  of  ,  Uquld  which 

.  nnVii*»ved  by  scrubbing  the  ua“ 

be  achie  ^  the  flow  through 

.  oni vent  for  the  entrained  liquid ,  or  „  v 

i  will  actively  accord  the  entrained  U*M.  However, 
a  packing  which  v.111 

these  method,  are  very  cumbersome. 

Indirect  method,  have  received  widest  applies  on  . 

tralnment  coefficient,  (hundredth,  and  thousandth,  of  one  P«  ,  • 

II  method,  consist  m  diving  tracers  of  various  t,e.  In  .e 

iHuld  and  oub.e  ,uently  detemlnlng  their  concentration. 

.  of  j-is-11  iuld  mixture, In  .uch  a  case,  the  entrainment  co- 
sample.  of  ..a.  1  or  the  tracer  concentration  In 

efficient  is  determined  is  the 

.  tho  tracer  oncentratlon  in  the  liquid, 
the  caa-li  iuld  mixture  to  the  tracer  on 

,  me  in  the  liquid  and  are  ea.lly  determined 
Salta  that  are  soluble  in  the 

«lC1  for  water— were  formerly  used  as 
chemically-for  example,  NaCl  for 

tracers.  ,3  introduction  of 

Ihe  method  now  most  frequently  used  Involves  In.. 

,  ,  S.lts  mto  liquids,  and  measurement  of  the 

radioisotope-  'On talnl  cctlvltl.s  of  the 

fc  .lent  as  a  ratio  of  the 

.  *-he  measurement  o-  v^"y  -  — 1 

„  ,  <stvrlkovioh,  permits  .nt 

“  ;  1  '-oeffl  lent.  while  avoiding  large  salt  concentration  In 

the  liquid.  Which  would  Change  physico-chemical  properties  o. 


K-TS-'TBl-A 


Application  of  thane  -th-.  «P«t.ttr 

— *  •— *-  z r-u  -  u  * — * 

-  -  *sur; :  ::n  ^  — » . — -  - 

drops  -especially  in  * 

collapat  or  b.ihhle  sheila.  ^  ,rs3nlc  substances  «lth  pro- 

Thie  can  '  ,(p  „  „u.  .re  concerned 

surface  nonunlftr.lt,  In 

fain,  «t». ^  w  be  conflme*  b,  Shtu.p- 

;  -  -  -  ~ •  ::r:  “ 

■”  "zzraZtm .<  -  -  ™ 

sharp  inference  la  the  -  content. 

on  ohnolute  Identity  In  ^e.r  a 

practical  purp  *«•  '  ^  ct  prop  entralnneut 

H„  difference  was  re,..  -  eontent  0f  the  »et  vapor 

,..,id  ae  determine!  from  .h  *  s 

W  *“  U  .  fr  ,  .ho  coefficient  of  ealt  lean,  or  In  L.  »• 

(B>  throttle)  or  —  ^  ^  ^  Mde  ln  o.  ran*e  of  - 

Sterman *a  «p«r.*..i.»  d  »ccuratel,  anoujh  », 

tralnnent  coefficients  which  can  «  — 

tMOttUni-  „  ,  wber  of  investigators  revealed  dlacrepanclen 

Exper,*nts  h,  a  Jewro, nation  of  the  n,, 

between  the  results  or  cal.  coef- 

s  f  Its  measurement  *n  terms 

fraction  In  the  vnp.r  rec0rded  only  at  low 

.  I'ss  Tnls  ilscrecanc;  was 

flClent  M  lM.8  calorimetric  determinations  are 

entrainment  coefficients 

UnreUabl?’  ,  >pe  jiscrepancles  only  In  *^se  28383  ^ 

Undoubtedly,  toe  re  wt.  yl5n-pressjre  vapor,  du 

K  t»n'e  c^uU  transfer  into  the  0.50  P 
the  tracer  sab.^anv 
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*.  the  tracer  solubility  In  the  vapor.  to  an  ettent  coatrneurate  - 
the  drop  entr.ln.ent  coefficient.  Therefore.  In  eap.rl.ent.  .1th 
hUh-preesur,  .tea.  It  le  preferable  to  ...  cMtance.  .hoet  co- 
efflclent  of  dl.trlhutlor,  between  .tea.  and  ».t«r  (the  ratio  of 
solubility  in  .tea.  to  aoluh.llty  In  .at.r)  1.  *no.n  to  be  much  le,s 
than  the  coefficient  of  .echanlcal  ehtrelnment  under  the  e«perl.-n  .  ^ 

tal  condition..  Moot  suitable  In  such  case,  are  sodium  sulfate  or 

n.ri.'Ant  ft-  P  •  l90  *i-m.  6.<3B33 

phosphate,  .hose  distribution  soe.flc.ent  even  E 

at  almost  0.8  gcr — still  remains  belo.  10  . 

t . . ..  i  t#li©  o nt i*st indent 

When  ualn*  the  indirect  me.hui  .or  m-isurms 

.  »  reliftble  measurement  1ft  mede  of 

coefficient,  we  mast  ensure  t.w- 

the  tracer  cohcentrntloh  In  the  Upull  through  which  the  gas  (vapor) 
bubble,  and  that  this  concentration  remains  constant  In  the  entire 

bubbling  liy-Jr. 

Therefore,  It  Is  desirable  to  ..all  Introducing  additional  pure 

-if  condensate  from  the  walls,  into 
liquid,  and  to  present  dripping  or  coru.nsai. 

the  tone  of  vapor  ((.a)  separatl'n  from  the  lUull. 

„  the  wet  vapor  .ere  to  remain  In  the  colimn  for  a  very  long 

period  of  time  (small  vapor  velocities  and  great  column  heights),  It 

.cull  be  possible  lately  to  prevent  the  fine  IMuld  drops  on  the 

.an  of  the  vessel  fro.  evaporate  and  condensing  on  the  larger  drops. 

Evaporation  of  ns*  iu,!  l'  t!te  lnCr<”''Sl  Jur,a''iri  of  tn* 

drop  surfaces  Is  retarded  ay  supercooling  the  vapor  stream  which 

a rtnfM]  Qnvwsmp  *  mi » i  /ap?r  cond?n3e3 

i  .ho  ,ieinl*-v  f  th03e  irepa.  3upo.c-.A- j 
occurs  In  the  /..-ini-,/ 

C„  the  surfaces  af  lo»  curvature  (the  soluan  .all.  ans  the  surface 
of  large  drops).  However,  when  the  wet  vepor  remains  In  the  vapor 
space  of  the  apparatus  for  long  periods  of  time,  a  unit  of  volume 
„sn  contain  very  few  small  Irops  ant,  for  practical  Purposes,  there 
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Therefore,  distillation  will  proceed  very 

1(111  be  n°  larBe  P  ‘  .  „otlM.ely  effeet  the  total  frectdon  of 

slowly  and  apparently  cannot  noticed  y 

..It  in  the  vapor.  coefficient,  the  chemle.l 

^  IP  .the- ‘range  of  -11  concentration  In  the  con- 

■'*~A*»v/ids  for  determining  entrainm 

at  as  a  rule  sufficiently  aenaltlve. 
4-m:  accuracy  can  he  raised  hy  can.  - 

"  rglt  -titles  of  cond?„Kt. 

the j  require  a  crca 

(hundreds  of  liters).  incomparably  more 

^  use  of  radioactive  Isotopes  a  method  permits 

—  Tr:—  coefficients  (10-  to  ^ 

"nm-s  of  sample  enrich,  The  ex- 
and  below)  «  M.h0<1  is  also  very  Important,  per- 

ceptional  ^  due  to  accidental  contamination  of  the 

mitting  avo  ^  other  methods  are  used, 

sample ,  that  arl«e  ea  •  rreatly  facilitates  the 

The  us.  of  radioactive  Isotope,  also  -at 

,  errors  connected  with  absorption  of  the  trac 

correction  o  A  very  effective  method  in  this 

conduit  walla »  vessel  walls.  -ample  o*  M'S  same 

w  Edition  of  a  nonradioactive  sample  o- 
case  involves  •  -  the  anticipated  fraction  of 

salt  in  quantities  many  times 

-r  -  -zm:  r 

irrrr:,-  her.  *  — * 

the  given  problem. 
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10-2.  Investigation  of  the  Hydrodynamics  of  Two-Phase  Layers 

The  main  purpose  of  the  Investigation  has  usually  been  to  de¬ 
termine  the  dependence  of  the  specific  gravity  (  *  m)  °f  the  mlx" 
ture  and  of  the  level  swelling  (which  Is  uniquely  related  to  it)  on 
jthe  gravimetric  le.el,  on  the  flow  rate  of  the  light  phase,  and  on 

the  properties  of  both  substances. 

Until  recently,  these  studies  were  conducted  by  measuring  the 
two  quantities:  the  gravimetric  level  h?ray  and  the  true  level  of 
the  mixture  hm. 

The  measurement  of  the  gravimetric  level  can  be  accomplished 
comparatively  easily  by  means  cf  a  water  gauge  or  some  .V  ^r-ntlal 
manometer  of  one  type  or  another.  Depending  on  the  position  of  the 
pressure  taps  (Fig.  10-5),  the  measurement  may  yield  either  the 
total  weight  of  mixture  above  the  level  of  the  perforated  plate  (a), 
or  the  average  weight  cf  the  column  of  -.’xture  between  the  two  taps 
(b).  In  the  latter  case,  by  using  a  series  of  differential  mano¬ 
meters,  the  variation  of  with  height  can  also  be  measured,  but 
only  In  the  range  of  height  segments  which  are  definitely  within 

the  bounds  cf  the  dynamic  twe-phase  layer. 

Another  method  may  be  the  use  cf  a  movable  pressure  tap,  which 
permits  plotting  a  curve  of  pressure  distribution  from  top  to  bottom. 
When  a  movable  tube  is  inserted  from  the  too  (insertion  from  the 
bottom  is  generally  very  difficult),  the  pressure  measurement  can 
be  conducted  by  blowing  a  certain  amount  of  gas  into  the  two-passe 
layer  (Fig.  10-c).  In  this  case,  the  gas  flew  rate  Is  reduced 


2tJ 
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Figure  10-‘j.  D1  a gram.  show¬ 
ing  pressure;  tap  positions. 


to  such  a  small  quantify  that 
the  pressure  losses  can  be 
neglected  along  the  gas  conduit 
from  the  point  where  pressure  is 
measured  to  the  point  where  gas 
is  injected  into  the  two~pha3e 
layer. 

Measurement  of  the  true  mix¬ 
ture  level  is  more  complicated. 

At  low  pressures,  visual  determln 


ation  of  the  layer  height  is 
era cures  this  is  also  possible, 
visual  observation  become::  more 


Figure  10-t  .  Diagram  of 
pressure  measurement  when 
a  certain  amount  of  gas  is 
blown  into  the  two -phase 
layer. 


of  investigations;  i.e.,  the  height 


often  used;  at  high  pressures  and  temp- 
but  the  design  of  sight  glasses  for 
onple;:. 

In  the  case  of  a  free  level, 
visual  observation  13  not  accurate 
enough,  even  by  use  of  objective 
methods  of  reading  (photographs 
ei  motion  pictures),  especially 
at  considerable  light-phase  ref¬ 
erence  velocities. 

With  an  increase  in  the 
disturbances  on  the  surface  of  the 
two-phase  layer  increase  r.t 
so  that  only  in  relative  terms 
can  we  speak  of  a  "plane"  sep¬ 
arating  the  vapor-phase  layer. 

Overflow  wa3  used  in  a  series 
of  the  two-phase  layer  was  linit- 


•  S5 
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ed  by  means  of  the  continuous  overflow  of  a  small  quantity  of  the 
liquid  through  an  overflow  tube  (Fig.  10-7),  compensated  for  by  a 
continuous  feeding  of  the  corresponding  quantity  of  liquid  into  the 
bubble  column  from  the  outside. 

This  method  leads  to  certain 
inaccuracies  as  well,  due  to  vari¬ 
ations  in  the  level,  since  in  this 
case  the  overflow-tube  orifice 
is  alternately  flooded  and  ex¬ 
posed.  The  liquid  flow  rate 
through  the  overflow  tube  then 
varies  from  maximum  to  aero. 


Figure  10-7-  Diagram  of 
liquid  overflow. 


If  the  liquid  iceu  »ere  so 
regulated  as  to  ensure  a  minimum 
steady  overflow,  then  the  level 

of  the  overflow  tube  would  correspond  approximately  to  the  levea  of 
the  deepest  troughs  between  the  waves.  When  the  feed  is  adjusted  to 
give  the  minimum  average  overflow,  then  the  level  of  the  overflow 
tube  will  correspond  approximately  to  the  level  of  the  highest  crests 

of  the  waves. 

Hie  best  picture  is  provided  by  direct  measurement  of  vm  by 
,  .  or  #  -ray  radioscopy  of  the  column,  the  density  of  the  medium 
being  determined  from  the  amount  of  radiation  absorbed  in  the  column. 

A  device  (Fig.  10-8)  used  for  this  purpose  consists  of  two 
lead  cylinders  placed  on  both  sides  of  the  object  to  undergo  radio¬ 
scopy.  Inside  of  these  cylinders  are,  respectively,  the  source  and 
detector  of  radiation.  The  cylinders  have  openings,  small  in  di¬ 
ameter  (5  to  15  mm),  for  passage  of  a  beam  of  rays  located  strictly 
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Figure  10-8.  Diagram  shewing  arrangement 
of  t  -ray  emitter  and  counter  for  radio¬ 
scopy  . 

on  one  axis.  A  Gelger-Muller  tube  Is  generally  used  as  the  detector 
of  radiation,  and  Is  ccnnecte  1  with  a  counting  device  or  an  oscillo¬ 
graph  circuit  f  r  c  anting  the  number  of  pulses. 

It  Is  possible  by  such  a  method  to  measure  densities  averaged 

over  time  anl  beam  length  throughout  the  entire  volume  of  the  dy¬ 
namic  two-phase  layer.  Consequently,  It  Is  possible  to  measure  not 
only  the  distribution  ,f  along  the  depth  of  the  layer  but  also, 
for  example,  to  measure  the  change  In  tB  along  the  steam-boiler  drum, 
to  control  the  steady  performance  cf  the  per:’,  rated  date,  etc. 

If  we  select  a  sufficiently  high  Intensity  cf  the  radiation 
source  and.  Instead  of  the  Gelger-Muller  tube  use  a  device  i-Mr-i 
not  the  record  f  che  number  of  readings  but,  directly,  the  lnten- 
#  slty  of  transmitted  radlatl.n  (number  -f  a  -quanta  per  unit  time), 
then  we  can  rec.rd  also  the  variation  of  %  with  time.  It  should  be 
taken  Into  account,  however,  that  In  this  case  only  the  variation 
of  the  average  Intensity  along  the  cross  section  and  according  to 
beam  length  will  be  measured.  Moreover,  It  Is  necessary  to  account 
for  the  fluctuatl.  ns  of  the  source  ltsel,  . 
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Figure  10' 9.  Drawing  of  device  for  ■»  -ray 
radios  ’opy  of  tube,  (l)  lead  casings ;  (2) 
counter;  ()  ampule  with  radioactive  prepara¬ 
tion. 

When  measuring  the  distribution  of  »m  along  the  cros3  section 
normal  to  the  axis  of  the  ray,  we  must  shift  the  source  and  the  de- 
te  tor  in  two  directions.  At  the  same  tine  it  is  very  important 
to  maintain  the  coaxial  position  of  the  openings  in  both  protective 
cylinders.  To  do  this,  sufficient  accuracy  of  the  shifting  mech¬ 
anism  and  rigidity  of  its  construction  are  required. 

Figure  10-9  s'-.ows  a  drawing  of  the  installation,  and  Fig.  10-10 
shows  an  over-all  view  of  it.  The  movement  of  the  installation  is 
completely  automatic  and  is  controlled  from  a  panel  (Fig.  10-11). 

The  height  to  which  the  frame  -arrying  the  source  and  the  detector  is 
raised  is  re  orded  through  contact  assemblies  by  means  of  signaling 
devices . 


I 

.$3 
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Fij-un.-  10-10.  0«>r--.ll  vl 0l‘  thlJ  lnst-ll...on. 

The.  network  for  the  ■  ontrol  '■**  «»  13 

shown  In  M,:.  lo-l.  nnd  the  horror  of  the  mstruaents  Is  shown  In 

Klf:.  10-1;. 

Generally,  the  pressure  drop  with  h:mf*e  In  flo.%  r-tt  of  the 
llrht  phase  Is  insured  with  Pitot  tubs  on  »  U-tube  MW*-.  but 
In  addition,  n-ssuiv  -on  be  re  orded  by  on  os-Uloornth  -Ir-ult.  - 
st.noa.-toi-  wit!!  ,  .nlo-.l  trr.nodu -er  dost, -nod  to  relay  pressure 
pulses  to  .n  os  Ulorr  ph  n  K-  used  :.t  Pl-'^l . 

Bendlnr  of  til.,  kuw*  ter  rprln,-  ••nn.v  *»  (“deb  .nl-ul) 

resist  n  o  of  the  devl  e.  This  resist  .ns.-  Is  registered  on  :.r.  ID-, 
strain  ,:au,-e  whose  output  Is  onneited  to  the  neasurln,:  os  •iUo.trwph 
(the  ro,*l  tin,*  devise'.  Borer,  resordtn,-  osslllotr-sss,.  the 
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Figure 


10-11.  Control  panel. 


ountinr  rat.-  of  t  -tube  Is  determined. 


Vifuro  10-1  .  Circuit 
dla.-ran  of  control  r  nel 
md  the  3if.nalin ,*  devices. 


When  measuring  with  counters, 
It  Is  necessary  to  onsider  a 
series  oi*  fa  ‘tors  Influent  Inc  "he 
results  of  the  measurements,  and 
to  introduce  -orre -tions .  Here 
-:•«  several  of  tne  no3t  Important 
•orrootions:  ()  error  due  to 
riu  -tuatior.  of  the  number  of 
pulses  in  a  riven  time  Interval; 
(b)  error  in  the  pulse  count  due 
to  resol vine  time;  (e)  back¬ 
ground  correction;  and  (d)  repro¬ 
ducibility  of  counter.  Work 
with  counters  Is  described  in 
greater  detail  in  the  literature 
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Figure  10-13 •  Schematic 
hookup  of  instruments. 


Here  we  will  merely  dwell  on  the 
fact  that  the  background  during 
measurements,  which  is  the  sum  of 
the  natural  and  the  specimen  back¬ 
grounds,  should  be  minimized  as  far 
a3  possible.  The  magnitude  of  the 
specimen  background  should  be 
brought  close  to  the  magnitude  of 
the  natural  background;  this  can  be 
achieved  by  a  device  specially 
designed  to  reduce  the  scattering 
0f  y  -rays  as  they  leave  the  main 


conduit  and  no  the;  ore  transmitted  to  the  counter. 

prior  to  conducting  measurements  for  determining  the  density  of 
the  two-phase  layer,  It  Is  necessary  to  determine  the  ,  -ro,  absorption 
coefficients  of  the  components  of  the  two-phase  stream  under  study. 

The  t  -ray  (  Co*0  )  absorption  coefficient,  for  water,  mercury, 
and  carbon  tetrachloride  have  the  following  values: 


,  of  mercury  -  0.8a  cm"1:  *  of  water  -  0.0C  cm"1; 


-1 


$  Of  cci4  *  o  .095 

linen  the  beam  Is  transmitted  through  a  column  filled  with  light 
Phase,  the  number  of  aounte  per  minute  recorded  by  the  counter  will 
be  determined  by  the  formula 


(101) 


here  n"  la  the  number  of  counts  per  minute  a.  the  beam  10  transmitted 
through  the  light  phase; 


I 
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n  Is  the*  count,  r  Ihc *?r  ur.j; 

“  D 

IS  U/.  *  -ray  absorption  coefficient  .r  the  light  phase; 

x  Is  the  thickness  of  the  irradiated  layer; 

C  Is  some  constant  taking  into  account  the  radiation  inten¬ 
sity,  the  efficiency  of  the  counter,  cros3-sectlonal  area  of  the 
outlet  channel  in  i^e  counter  casing,  and  the  distance  between  the 
emitter  and  the  counter. 

When  a  beam  is  transmitted  through  a  column  filled  with  heavy 
phase, 

c»-'\  (10-2) 


Where  n'  is  the  number  of  counts  per  minute  as  the  beam  Is  transmitted 

through  the  heavy  phase; 

n'  la  the  background .of  counter; 

-  D 

f  '  Is  ti.e  v  -ray  absorption  coefficient  of  the  heavy  phase. 

When  the  beam  Is  transmitted  through  the  mixture, 

( 10-3) 


here  n  is  the  number  of  c. unto  per  minute  as  the  beam  is  transmitted 

through  the  mixture; 

n  w  la  the  background  of  counter; 

-  b,m 

j  Is  the  t -ray  absorption  coefficient  of  the  mixture, 
in 

The  magnitude  of  #  can  be  determined  from  the  formula 


I 
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(10-4) 


«■* 


Let  us  divide  Equation  (10-3)  by  Equation  (10-2): 

(10-5) 


*  -■» 


*  ». 

nW 


In  dividing  Equation  (10-:)  by  Elation  (10-1)  we  get: 


•  • 

•  -% 


**-s' 


(10-6) 


Radioactive  '♦sotopes  are  used  as  a  source  of  v -ray  radiation; 
often  the  radio:, otlve  l.otope  of  cobalt,  Co60,  1»  »«d,  »hlch 
has  a  long  half-life  (~  5  years)  and  produces  hard  t -radiation, 
adequate  even  when  a  bubbler  with  thick  metal  walls  (steel  walls 

up  to  100  mm  and  more)  Is  used. 

In  bubblers  of  small  cross  section,  or  when  tests  are  con¬ 
ducted  In  the  -ange  of  low  mixture  densities,  it  Is  desirable  to 
change  to  Isotopes  which  give  a  radiation  with  a  high  attenuation 
factor  —  soft  t  -radiation  or  even  t  -radiation  of  high  Intensity 
Hth  small  bounding -wall  thickness,  this  does  not  present 
any  difficulties.  With  considerable  wall  thickness,  the  use  of 
weakly  penetrating  radiation  Is  .Iso  possible  If  at  the  points  of 
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measurement  the  wail  has  onduU  or  small  diameter  (1  w  2  mm) 
separated  from  the  -avlty  (which  Is  under  high  pressure)  by  a  thin 

layer  of  metal* 

Hie  thickness  of  this  layer,  when  the  channel  diameter  is  small, 
can  be  decreased  to  as  lew  as  0.05  to  0.1  mm,  even  at  high  steam 
pressures  (100  to  L00  atm.  abs.).  At  very  high  fractions  of  gas 
(measurements  in  the  range  of  a  system  of  "drops  in  gas"),  one  should 
consider  the  error  introduced  by  the  liquid  layer  trickling  down  the 
wall.  In  a  number  of  -ases  this  error  can  be  reduced  by  covering 
the  wall  with  a  hydrophobic  film.  It  U  also  possible  to  conduct 
"control"  experiments,  in  which  both  the  gas  in  the  space  and  the 
layer  of  liquid  on  the  wall  would  remain,  but  in  which  the  drops  in 
the  stream  would  be  eliminated. 


t 
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